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 i 
Abstract 
 
Recently, by combination of the “top down” and “bottom up” approaches, a new strategy 
to fabricate 3D micro-/nanostructures named self-scrolling technique has been introduced 
by Prinz et al. in 1999. In this PhD dissertation, the method and principle of how to scale 
down such kinds of novel structures in a better controllable way are explored. Started 
from the investigation of scrolling SiGe/Si structures in a micrometer scale, which is 
fundamental for the further research in this field, we have controllably fabricated two 
different 3D structures, i.e. tubes and helices, from patterned SiGe/Si bilayers and 
SiGe/Si/Cr multi-layers. Based on our experimental results, the scrolling principles to 
form Si based tubes and helices from 2D micrometer scale strained thin films are well 
developed. Furthermore, special attention is paid to find new phenomena and behaviors 
of the 3D nanostructures when the designed pattern of the strained thin films is scaled 
down to nanometer size. An anomalous coiling of the strained thin films has been 
identified, which could not be interpreted by common principles adopted for rolling-up of 
the mesa-structures in micrometer scale. The followed intensive investigations have 
revealed that the anomalous coiling is caused by “edge effects”, i.e. the stress relaxation 
at the rims of thin films. A comprehensive description of the new effects is given in this 
thesis. The other important aim of this thesis is to characterize physical properties of Si-
based rolled-up micro-/nanostructures for potential applications. Both electrical and 
mechanical properties of freestanding SiGe/Si microtubes are investigated. The high 
conductivity of boron doped SiGe/Si microtubes is confirmed by two-probe I-V 
measurements. The bending stiffness and mechanical instability of individual SiGe/Si 
mcirotubes are probed by atomic force microscopy (AFM) and nanorobotic manipulation. 
Eventually, nanorobotic manipulation was successfully applied for the characterization of 
mechanical properties of other 3D micro-/nanostructures such as helices, spirals and rings. 
Our experimental results revealed that the as-fabricated micro-/nanostructures are elastic, 
robust, and stable in mechanics, and that the new approach based on nanorobotic 
manipulation is a promising technique for mechanical properties characterization of these 
rolled-up 3-D structures. 
 
 ii 
Nomenclature  
Symbol Description  
α lattice constant  
A cross section area of a tube  
C11, C12,C44 elastic coefficient  
d diameter  
E Young’s modulus  
E1, E2 Young’s modulus with respect to layer 1 and layer 2  
ESi, ESiGe, ECr Young’s modulus with respect to Si, SiGe and Cr  
fs shape factor  
F internal force due to misfit strain  
F[100], F[010], 
F[hk0] 
internal force with respect to [100], [010] and [hk0]   
G shear modulus  
h1, h2 thickness with respect to layer 1 and layer 2  
Η deflecting of tube  
ΗB deflecting of tube due to bending  
ΗS deflecting of tube due to shearing  
I moment of inertia  
ISi, ISiGe moment of inertia with respect to Si and SiGe layer  
Ja, Jb current density with respect to point a and b  
k spring constant  
kAFM spring constant of an AFM cantilever  
kbeam bending stiffness of an ideal seamless tube  
ktube bending stiffness of a rolled-up tube  
kcoil spring constant of a coil  
l length of a SiGe/Si bilayer  
L freestanding length of a tube  
Leff effective length of a tube  
Ls shortest contact spacing  
Lt total length of a tube  
ΔL shorten length of a tube under compression load  
M bending moment  
Nstiff slope of the photodiode signal vs. AFM tip displacement  
curve on a stiff surface 
 
Ntube slope of the photodiode signal vs. AFM tip displacement  
curve on the free end of the freestanding tube 
 
 p pitch of a helix  
 pSi, pSiGe doping level with respect to Si  and SiGe layer  
P load  
Pcr critical load  
q unit of electric charging  
R curvature radius  
Rc contact resistance  
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RSi, RSiGe resistance with respect to Si and SiGe layer  
RSiGe/Si resistance of a SiGe/Si bilayer  
Rt total resistance of a SiGe/Si tube  
Rtube resistance of a SiGe/Si tube  
Stube contact spacing of a SiGe/Si tube  
Shelix spacing between each turn of a helix  
t thickness of a tube  
w width of a stripe  
x Ge concentration in SiGe  
δ[100], δ[010] internal stress with respect to [100] and [010]  
δcr critical stress  
ε misfit strain  
Δε lattice mismatch of SiGe and Si  
κ curvature   
μ mobility of holes  
μSi, μSiGe mobility with respect to hole carriers in Si and SiGe layer  
ν Poisson ratio  
ν<100>,ν<110> Poisson ratio with respect to <100> and <110> direction  
νSi  Poisson ratio of silicon  
θ helicity angle  
φ misalignment angle to <110>  
ρ resistivity  
σ conductivity  
σtube conductivity of a SiGe/Si tube  
σSiGe/Si conductivity of a SiGe/Si bilayer  
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Chapter 1  
Introduction 
For more than a decade, enormous efforts have been made to miniaturize devices in 
micro- or nanometer scale because of the promising of the unique physical properties and 
new potential applications. In general, there are two possible approaches to realize it, i.e. 
“top down” and “bottom up” strategies. The “top down” approach involves thin film 
deposition, lithographic patterning and selective etching technologies to fabricate small 
devices started from bulk materials. It is noticed that the “top down” strategy becomes 
increasingly challenging when the dimensions of the target structures approach 
nanometer scale [1]. Moreover, it is a daunting task to fabricate three-dimensional (3D) 
nanostructures such as nanotubes or nanohelices by “top down” approach in which 
conventional deposition, etching and lithographic techniques are inherently only two-
dimensional (2D) [2, 3]. Thus, over the past few decades, many scientists in the world 
were exploiting the “bottom up” approach to realize nanostructures. The “bottom up” 
approach, in contrast to “top down” strategy, builds complex systems by the assembly of 
atoms or molecules. The “bottom up” approach often uses chemical synthesis, much like 
the way of nature to construct complex biological system from protein and other 
macromolecules [4]. Up to now lots of fascinating nanostructures have been achieved via 
the “bottom up” strategy such as prominent low-dimensional quantum dots [5], carbon 
nanotubes [6-8], semiconductor nanowires [9, 10], nanobelts of semiconductor oxides [11] 
and even more complicated three-dimensional twisted helical structures from nanotubes 
[12], nanowires [13] and nanobelts [14, 15]. These nanostructures are predicted to have 
considerable potential for manufacturing new building blocks in nanoelectronics, 
nanomechanics and micro-/nano-electromechanical system (MEMS/NEMS) [16-20]. 
However, “self-assembly” is still a distant goal for the “bottom up” nanofabrication [21]. 
In most cases, the size, shape or structure of the as-synthesized nanostructures are not 
fully controllable.  
Recently, by combination of the “top down” and “bottom up” approaches, a new strategy 
to fabricate 3D structures named self-scrolling technique has been introduced by Prinz et 
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al. in 1999 [22]. This method is based on the coiling up of strained 2D thin films to 
generate 3D structures, an element of self-assembly, after they detached from the 
substrate by selective etching. In this process lithographic patterning is employed to 
define the shape and position of thin films as wanted. Using this self-scrolling technique, 
some III-V compound semiconductor nanotubes and helices were successfully produced 
[22]. The diameter of nanotube has a proportional dependence on the wall thickness of 
the tube and a reciprocal value of the lattice mismatch between the semiconductor 
bilayers [23]. The inner diameter of such a rolled-up nanotube can be as small as 2nm 
when its wall contains only two atomic monolayers (1ML GaAs and 1ML InAs) [23]. 
Compared with carbon nanotubes [7, 8], the rolled-up semiconductor nanotubes provide 
custom design in diameter, wall thickness and length. Scientists anticipated that this 
technique can be used for a wide range of possible materials, such as insulators and 
metals, to integrate them into rolled-up nanotubes [24, 25]. It is believed that these novel 
semiconductor, metal-semiconductor (MS) and metal-insulator-semiconductor (MIS) 
rolled-up micro-/nanostructures have a huge potential for various applications in physics, 
electrical engineering, mechanics and biology due to obvious advantages of the 
controllable way in design and fabrication. Among these materials, Si or SiGe based 
materials appear to be particularly suitable for these wide potential applications, since 
they have good mechanical strength and the compatibility with modern sophisticated 
CMOS technology. Although the related work was recently introduced in SiGe/Si 
semiconductor bilayers or SiGe/Si/Cr hybrid systems [26, 27], the studies in this subject 
are preliminary and quite a few important issues have not been figured out yet. For 
instance, SiGe/Si helical structures were observed once from coiled-up semiconductor 
bilayers [23, 26], but few investigations on controllable fabrication were reported. In 
contrast to rolled-up micro-/nanotubes, helical structures are geometrically more 
complicated, in which more parameters, such as chirality, helicity angle, pitch of helix, 
should be taken into account in their designing and fabrication. Furthermore, in order to 
fabricate delicate nanodevices for NEMS, the dimensions of the designed mesa structures 
for the formation of 3D shells have to be reduced from micrometer to nanometer scale. It 
is expected that when the thin films are patterned in such a small size, new effects 
different from the behavior of bulk crystal may occur to dominate the scrolling process. 
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Therefore, a main purpose of this PhD dissertation is to seek the method and principle of 
how to scale down the novel 3D micro-/nanostructures in a better controllable way, 
especially for the nanostructures that have rarely been exploited before. The ultimate goal 
of this research is to produce useful devices exactly as designed ones for specific 
MEMS/NEMS applications. Started from the investigation of scrolling SiGe/Si structures 
in a micrometer scale, which is fundamental for the further research in this field, we have 
controllably fabricated two different 3D structures, i.e. tubes and helices, from patterned 
SiGe/Si bilayers and SiGe/Si/Cr multi-layers. Based on our experimental results, the 
scrolling principles to form Si based tubes and helices from 2D micrometer scale strained 
thin films are well developed [28-31]. Furthermore, special attention is paid to find new 
phenomena and behaviors of the 3D nanostructures when the designed pattern of the 
strained thin films is scaled down to nanometer size. An anomalous coiling of the strained 
thin films has been identified, which could not be interpreted by common principles 
adopted for rolling-up of the mesa-structures in micrometer scale. The followed intensive 
investigations have revealed that the anomalous coiling is caused by “edge effects”, i.e. 
the stress relaxation at the rims of thin films. A comprehensive description of the new 
effects is given in this thesis. These “edge effects” have provided additional freedom in 
the designing of new 3D nanostructures for more realistic NEMS devices [32, 33].  
In addition, it is still premature to judge the impact of 3D micro-/nanostructures on 
potential applications before their physical properties are evaluated, though scientists 
expect they are versatile. For instance, it is predicted that micro-/nanotubes can act as 
nanotweezers, microscopy tips, supporting rods, nanocables [25], very fine injection 
micro-/nanoneedles, and conducting nanotubes with two-dimensional electron gas (2DEG) 
for specific investigations [22]. Nanohelices may be used as components of 
MEMS/NEMS such as nanosprings, electro-megnetic nanocoils, bio-chemical sensors 
and so on. Thus, another important aim of this thesis is to characterize physical properties 
of Si-based rolled-up micro-/nanostructures for potential applications. Both electrical and 
mechanical properties of freestanding SiGe/Si microtubes are investigated. The high 
conductivity of boron doped SiGe/Si microtubes is confirmed by two-probe I-V 
measurements. The bending stiffness and mechanical instability of individual SiGe/Si 
mcirotubes are probed by atomic force microscopy (AFM) and nanorobotic manipulation 
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[34]. Eventually, nanorobotic manipulation was successfully applied for the 
characterization of mechanical properties of other 3D micro-/nanostructures such as 
helices, spirals and rings [32, 35]. Our experimental results revealed that the as-fabricated 
micro-/nanostructures are elastic, robust, and stable in mechanics, and that the new 
approach based on nanorobotic manipulation is a promising technique for mechanical 
properties characterization of these rolled-up 3-D structures. 
Chapter 2  
Theoretical concepts of the self-scrolling technique 
The self-scrolling technique is based on stress relaxation of strained thin films. In detail, 
the films are patterned by lithography which has an ability to put the designed structures 
precisely on a substrate at the position where they are needed; when the films detached 
from the substrate, they roll themselves up into 3D structures due to the stress relaxation. 
A wide range of possible materials can be used for this technique – calling only for 
appropriate deposition, a selective etchant and a certain mount of elasticity in the thin 
films [25]. This technique is adopted for the rolling-up of 3D micro- and nano-structures 
composed of SiGe/Si, Si/Cr bilayers and SiGe/Si/Cr stacked tri-layers in this thesis work. 
In this chapter, the bending mechanism of strained films is presented, and the curvature 
estimation models of the coiled bilayers are also discussed.   
 
 
Figure 2.1: Schematic drawing of the self-scrolling process. F1 and F2 are the forces in SiGe and 
Si films, respectively. The former force (F1) is induced by the compressed SiGe film. When the 
stress relaxation occurs in the compressed SiGe layer, to minimize the total strain energy, the 
latter force F2 in Si layer and the bending moment M for the SiGe/Si bilayers are induced 
simultaneously.  
 
2.1 Self-scrolling mechanism of the strained thin films 
The self-scrolling of strained films is caused by the bending moment in the strained films. 
For a SiGe/Si heterostructure epitaxially grown on a Si substrate, it is composed of an 
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unstrained Si layer and a compressively strained SiGe layer. When the SiGe/Si bilayer is 
detached from the substrate, the compressive force F1 in the SiGe layer is turned to be 
relaxed, which initiates the coiling of the bilayer. The stress relaxation of the SiGe layer 
induces a counterpart tensile stress, the force F2, in the parallel connected Si layer. The 
pair of the opposite forces (F1 and F2) will generate a bending moment M to coil the 
SiGe/Si bilayer, as shown schematically in figure 2.1.  
To fabricate rolled-up structures from a Si/Cr bilayer, after the epitaxial growth of a Si 
layer on Si substrate, a thin Cr layer is deposited on the top Si layer by thermal 
evaporation. For such a Si/Cr bilayer grown on the Si substrate, the Si layer is unstrained 
and the as-deposited Cr layer is under tensile stress [36, 37]. The principle of the coiling 
process is similar to the SiGe/Si bilayer, but the driving force comes from the stressed 
metal layer. In order to selectively etch Si substrate, the epitaxially grown SiGe and Si 
layers are heavily doped with boron )10( 320 −> cm while the substrate keeps a very low 
doping level ( )31410 −≤ cm . The details of the selective wet etching are presented in chapter 
3 (section 3.4.2). In addition, SiGe/Si/Cr stacked tri-layers can be considered as a 
combination of above two different bilayers, i.e. SiGe/Si and Si/Cr, in which the SiGe 
layer is compressed whereas the Cr layer is stretched. When they detached from the 
substrate, the composed forces from SiGe and Cr layer give rise to the bending moment 
scrolling the stack of strained films. The contribution of the bending moment depends on 
the thickness of SiGe and Cr layers, whereas the Si layer will be stretched during coiling.  
2.2 Radius estimation models 
To the best of author’s knowledge, Stoney is the first person to analyze the residual stress 
and bending curvature of bilayer structures consisting of a film and a substrate [38],  by 
assuming that the film thickness is infinitesimal compared with that of substrate. In 1925, 
Timoshenko improved the solution for the bilayer structure, in which the film thickness 
cannot be ignored [39]. The original work was applied to analyze the bending curvature 
of bi-metal thermostats using force and moment balance theory. Based on Timoshenko’s 
method, an analytical model is developed by Tsui and Clyne [40, 41] in 1997 for 
predicting residual stresses of deposited coatings on a substrate and the stress-induced 
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curvature of radius. Here we start from the Tsui and Clyne’s analysis and then show how 
to apply it for the estimate the radius of rolled-up Si-based bilayer structures, such as 
SiGe/Si bilayers.  
Tsui and Clyne developed the curvature estimation model for a plate consisting of a pair 
of layers bonded together, which has a width of b and a misfit of Δε in the x direction as 
shown in figure 2.2 [40, 41]. The misfit strain is replaced by using two equal and opposite 
forces +F and –F (see figure 2.2c) which will induce a bending moment M. Curvature of 
the plate is generated to balance the bending moment (see figure 2.2e). By applying the 
simple beam bending theory, the curvature of a beam κ can be expressed as the bending 
moment (M) divided by the bending stiffness (Σ) of the plate [42]: 
Σ=
Mκ    (2.1) 
in which  
⎟⎟⎠
⎞⎜⎜⎝
⎛ +=
2
21 hhFM   (2.2) 
In Eq. (2.2) h1 and h2 are the thickness of the layer 1 and 2, respectively, as shown in 
figure 2.2b. The misfit strain is a function of force F: 
2211 bEh
F
bEh
F +=Δε  ⇒  ⎟⎟⎠
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⎛
+⋅Δ= 2211
2211
EhEh
EhEh
bF ε   (2.3) 
The bending stiffness Σ is given by 
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where E1 and E2 are the Young’s moduli of layer 1 and layer 2, respectively, yc and y are 
the distances from the neutral axis to the bilayer interface (y=0) and to an arbitrary plane 
in the curved plate, respectively, as shown in figure 2.2(g). The value of yc is 
( )1122
1
2
12
2
2
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EhEh
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−=  (2.5) 
Combination of Eqs. (2.1-5) leads to a formula for the radius R arising from the residual 
stress in the bilayer: 
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On consideration of biaxial stress in the plate (δx=δz and δy=0), δz will induce a strain in 
the x-axis due to the Poisson effect [40, 41]. According to Hook’s law, the total strain in 
the x axis is 
( ) ( )νδδδνδε −=+−= 1xzyxx E   (2.7) 
Thus the effective Young’s modulus E’ should be applied instead of E in Eqs. (2.1-2.6) 
and 
νε
δ
−==′ 1
EE
x
x    (2.8) 
1
1
1 1 ν−=
′⇒ EE  and 
2
2
2 1 ν−=
′ EE   (2.9) 
in which ν1 and ν2 are the Poisson ratios of the layer 1 and 2, respectively.  
Using SiGe/Si bilayer as an example, the misfit strain here is the lattice mismatch 
between the SiGe layer and the Si layer:  
Si
SiSiGe
a
aa −=Δε    (2.10) 
in which aSiGe and aSi are the lattice constants of SiGe and Si, respectively . For a Si(1-
x)Gex material with Ge concentration of x, the lattice constant aSiGe can be calculated by 
( ) xaxaa GeSiSiGe ⋅+−= 1   (2.11) 
Assuming SiGe and Si layer are layer 1 and layer 2, respectively, since the Poisson ratios 
of Si and Ge are very close to each other [43], e.g. νSi<100>=0.27 and νGe<100>=0.26, i.e. 
2121 // EEEE ≈′′ , Eq. (2.6) is still valid for the radius estimation of SiGe/Si bilayers. 
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Figure 2.2: Schematic drawing of the generation of curvature in a flat 2-D bilayer resulted from 
the misfit strain Δε.  (a) The bi-layer plate has a width of b. (b) The stress-free condition. (c) Bi-
films are constrained by forces (F and –F) in order to have the same sizes. (d) The stress 
distribution in the plate before bending. (e) Bending moment is generated by the pair of forces 
(F and –F) which will induce bending of the plate. (f) The stress contribution in the bilayer after 
bending. (g) The cross section of the bilayer after bending. (after Clyne [40]) 
 
In 2003, Grundmann developed a model for the strain relaxation in nanotubes made up 
from semiconductor bilayers using the continuum elasticity theory [44]. He assumed that 
the cylindrically rolled structure, e.g. a tube, is formed, in which the stress is relaxed 
along the radial axis r. The according strains in the tangential (t), cylindrical (y) and 
radial (r) axis are εr, εy and εr, respectively.  
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Figure 2.3: Schematic drawing of a rolled-up tube. The tube axis is along y-direction, the radial 
direction is r-axis, and the t-axis represents the tangential direction of the tube. 
 
If ay and a0 are the strained and unstrained lattice constants of the film respectively, thus, 
εy=(ay-a0)/a0; for a radius R in the inner surface of the cylinder, in the tangential axis the 
lattice constant and the strain depending on the radial coordinate (r) are expressed as: 
( ) ⎟⎠
⎞⎜⎝
⎛ +=
R
rara it 1    (2.12) 
and 
( ) ( )
0
0
a
arar tt
−=ε   (2.13), 
in which a i is the lattice constant at the inner surface of the cylinder as shown in inset of 
figure 2.3. The strain energy density is given by [44] 
( ) ( )ytytv EE ενεεεν 212 222 ++−=   (2.14) 
Thus, Ev is a function of ai, R and r. Then, the total strain energy in a strained thin film 
with a layer thickness of d is  
( ) ( )drrRaaERaaE yid vyitot ,,,,,
0∫=   (2.15) 
For an isotropic bilayer system, assuming the Young’s modulus in the outer layer (layer 1) 
and the inner layer (layer 2) are E1 and E2 respectively, and the layer thicknesses are h1 
and h2 respectively, the total strain energy (Etot) summed up from the strain energy of bi-
films is [45] 
drEdrERaaE
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Since Etot is a function of ai, ay and R, we need three boundary conditions to solve the 
radius R. When the strain state is in equilibrium, we have: 
0=∂
∂
i
tot
a
E   (2.17) 
0=∂
∂
y
tot
a
E   (2.18) 
0=∂
∂
R
Etot   (2.19) 
Thus, the resulting radius R of such two isotropic layers with lattice mismatch Δε and the 
same Poisson ratio ν worked out as [44]: 
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In contrast to the estimation equation from Tsui and Clyne, i.e. Eq. (2.6), this equation 
has an extra term of (1+ν).  
2.3 Energetically favorable scrolling direction 
For semiconductor materials with a diamond structure such as Si and SiGe, if the Si or 
SiGe film scrolling along <100>, the strain energy is then given by [44] 
( ) ( ) ( )[ ]2212211
11
1211
100 2
, ytytyt CCC
CC
E εεεεεε +++−=   (2.21) 
in which C11, C12 are the elastic coefficients, their values for Si and Ge are shown in table 
2.1. When the (001) oriented film rolled up along <hk0> deviated an angle of φ from the 
<100> direction, the strain energy  can be expressed as [44]  
( ) ( ) ( ) ( )φεεεεεεφ 2sin22,, 2
2
121144100 ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −+−+= ytytyt CCCEE .  (2.22) 
Since ( ) ( ) 02sin
2
2 2
2
121144 >⎟⎟⎠
⎞
⎜⎜⎝
⎛ −+− φεε ytCCC , films scrolling along <100> should have the 
smallest strain energy, thus it is the energetically favorable direction for bending of 
anisotropic films. 
Table 2.1:  Some related elastic coefficient values of Si and Si1-xGex crystals [43, 46] 
 C11 (GPa) C12 (GPa) C44 (GPa) 2C44+C12-C11 (GPa) 
Si 166 64 80 58 
Si1-xGex 165.8 - 37.3x  63.9 - 15.6 x  79.6 - 12.8 x  57.3 – 3.9x 
Chapter 3   
Micro- and nanofabrication methods 
To fabricate Si based 3-D micro-/nanostructures using self-scrolling technique, thin film 
deposition, lithography, etching and drying techniques are required. This chapter only 
describes the main processes in the fabrication sequence, more general introduction and 
detailed descriptions can be found in the literatures of modern Si technology [47] and 
fundamentals of micro-/nanofabrication [48].  
3.1 UHV CVD epitaxial growth 
The first step in fabrication of SiGe/Si rolled-up 3-D structures is epitaxial growth of 
SiGe/Si bilayers on a Si substrate, while for Si/Cr 3-D structures a Si layer is grown 
instead of SiGe/Si bilayers. In this work, ultrahigh vacuum chemical vapor deposition 
(UHV CVD) has been employed in the epitaxial growth of above Si and SiGe thin films. 
Comparing with molecular beam epitaxy (MBE), the main advantage of CVD is that it is 
possible for large scale production. In our UHV CVD system, a batch of 4-inch Si wafers 
(maximum 24 pieces) can be mounted vertically in a quartz wafer boat, which can be 
transferred on a rail between the load lock and the reaction chamber in the CVD system. 
A schematic illustration (see figure 3.1) shows a geometrical arrangement of the CVD 
reaction chamber. 
For the preparation of silicon substrate before epitaxial growth, a 4-inch low-boron-doped 
(doping level < 1014cm-3) Si wafer is cleaned in the following procedures: firstly, the 
wafer is dipped into a Caros solution (H2SO4:H2O2 = 2:1) for 10 minutes at 90 oC to 
remove organic contamination on the surface; then the wafer is rinsed in a quick dump 
rinser by deionized water until the resistance of the rinsed water reaches 13 MΩ, so that 
the residual ions from Caros solution are removed completely; finally the Si wafer is 
dipped in a diluted aqueous hydrofluoric acid solution (5% HF) for 2 minutes at room 
temperature to etch away the native oxide and to passivate the dangling Si bonds at the 
surface with an adlayer of hydrogen [49].  
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Figure 3.1: Schematic drawing of the reaction chamber of the UHV CVD system, in which a 
quartz boat is loaded with Si wafer vertically. The reaction chamber is made of a quartz tube 
covered by heater. Four different gas species, i.e. hydrogen (H2), silane (SiH4), germane (GeH4) 
and diborane (B2H6) are connected to the reactive chamber. The flow rate of each gas is 
controlled by mass flow controllers (MFC). 
 
After cleaning, the Si wafer is mounted in a CVD wafer boat and then placed into the 
load lock of the UHV CVD system immediately to avoid the reoxidation of the surface. 
When the pressure of the load lock is pumped down to lower than 5x10-7 mbar, the 
substrate is transferred, under a hydrogen flow, into the reaction chamber of the CVD 
system which was maintained at 550°C by a heater. Afterward, a Si buffer layer is grown 
by flowing the mixture of silane (SiH4) and hydrogen (H2) gases in the reactor for 1 hour. 
Sufficient long growth time of the Si buffer layer will guarantee the Si wafer reaching a 
constant temperature, i.e. 550°C, in the reactor. Then, the epitaxial SiGe and Si layers 
with the Si layer on the top, are to be successively grown on the Si buffer. Since the 
lattice constant of SiGe alloy is larger than that of Si, there exists a maximum thickness, a 
so-called critical thickness, for the epitaxial layer. Beyond this thickness, it costs too 
much energy to strain additional layers into coherence with the Si substrate and misfit 
dislocations will form at the interface of the heterostructure [50]. The solid line in figure 
3.2 shows the relation between the critical thickness of SiGe layer and the Ge 
concentration on Si (001) substrate [50] based on the mechanical equilibrium model from 
Matthews and Blakeslee [51]. It shows clearly that the critical thickness of the epitaxial 
SiGe layer decreases with the increase of Ge concentration. Bean et al. also demonstrated 
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that the defect free films much thicker than the equilibrium thickness could be grown at 
550 oC by MBE [52]. In our experiments, the thickness of the deposited SiGe layer is 
always smaller than the critical thickness indicated by Bean et al. results [52] to avoid 
stress relaxation in the grown SiGe/Si bilayers.  
 
Figure 3.2: The relation between critical thickness and Ge concentration of Si1-xGex layer grown 
on Si (001) substrate. M-B model means Matthews and Blakeslee model [51]. 
 
A gas-phase mixture of silane (SiH4), diborane (B2H6) and hydrogen (H2) is used during 
the epitaxial growth of p-type Si layer, in which B2H6 gas molecules are used for the p-
type doping and H2 is used as carrier gas. To epitaxially grow p-type SiGe layer, germane 
(GeH4) gas is mixed into SiH4, B2H6 and H2 ambience as a germanium (Ge) source. 
When the growth process of SiGe/Si bilayer is finished, the gas flow is terminated and 
the wafer boat is transferred back to the load lock chamber of the CVD system. The layer 
thickness and the Ge concentration in SiGe layer are calibrated by transmission electron 
microscopy (TEM) and X-ray diffraction (XRD). A typical TEM bright field image of 
our calibration sample with ten periods of Si1-xGex/Si (x = 23%) quantum well structure is 
shown in figure 3.3, in which the SiGe layers show a darker contrast than the Si layers 
and the interfaces are smooth. The high resolution electron microscope image (inset of 
figure 3.3) indicates that the lattice is continuous in their interfaces and no misfit 
dislocation along the interfaces could be observed. It also implies that the stress in the 
SiGe/Si bilayers arising from the lattice misfit is kept in this structure. The Si layers 
including the top one are unstrained because the epitaxial growth is based on a Si 
substrate. Figure 3.4 shows a typical X-ray diffraction (XRD) experimental spectrum and 
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the simulation curve of the SiGe/Si ten periods quantum wells specimen (see figure 3.3), 
they fit to each other well. From this XRD analysis SiGe/Si bilayers with thickness of 4.7 
nm/6.8 nm respectively and 23% of Ge concentration in SiGe layers are estimated. Based 
on TEM and XRD experiments, a curve is drawn (figure 3.5) for the dependence of 
growth rate on the Ge concentration of SiGe layer. This curve shows that the growth rate 
of the SiGe film first increases rapidly with the increase of Ge concentration when the Ge 
concentration is relatively low, while it becomes flat gradually after the Ge concentration 
reaches 30-40%. 
To determine the doping level in the SiGe/Si bilayers, Hall measurement was employed 
using van der Pauw method [53]. For the Hall measurement, a sample of 230 nm thick 
boron-doped Si layer and a sample of 60 nm thick boron-doped SiGe with the same 
growth condition as SiGe/Si bilayer were prepared separately on Si (001) substrates. Four 
aluminium point contacts with 200 nm thickness were evaporated on the samples’ surface 
in van der Pauw geometry [53] through a mask, then the samples with aluminium 
contacts were annealed at 400 ºC for 2 minutes in a gas mixture of nitrogen (N2) and 
hydrogen (H2). Finally, the samples were glued into a chip holder for Hall measurement. 
The experiment results show that the boron-doping levels of both SiGe and Si layers are 
higher than 2·1020 cm-3 ( 3201057.4 −⋅= cmpSiGe , 3201003.2 −⋅= cmpSi ) at room temperature 
(300K). 
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Figure 3.3: TEM image of a calibration sample with 10 SiGe/Si periods quantum wells, showing 
the epitaxially grown layers and the smooth interfaces between the layers. The inset shows that 
no misfit dislocation is observed in the interface.  
 
 
Figure 3.4: Determination of Ge concentration in SiGe layer and Si, SiGe layers thickness by X-
ray diffraction (XRD) with of 10 periods of SiGe/Si bilayers structure as shown in figure 3.3. The 
measured signals correspond to the (004) reflection and the simulation result is calculated from 
10 periods of SiGe/Si bilayers with thickness of 4.7 nm/6.8 nm respectively and 23% of Ge 
concentration in SiGe layers. 
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Figure 3.5: SiGe film growth rate as a 
function of Ge concentration in the 
film. 
 
3.2 Thermal evaporation of Cr layer 
After the epitaxial growth of SiGe/Si bilayer (or a Si layer for Si/Cr bilayer structures), a 
thin layer of chromium (Cr) is deposited on the sample by thermal evaporation process as 
a mask layer for electron beam (e-beam) lithography. The deposited Cr layer will 
generate internal stress in the Si film, thus it also acts as a stressor for SiGe/Si/Cr or Si/Cr 
metal-semiconductor (MS) hybrid structures. In this Ph D work, a thin Cr layer was 
deposited by e-beam evaporation using a “Balzers BAK600” equipment. The evaporation 
is performed in a vacuum chamber at a low pressure (typical 2·10-7 mbar). In order to 
evaporate Cr on the sample surface, the e-beam is focused on the Cr source which is 
placed in a crucible. Due to the heating from the e-beam irradiation, Cr atoms will 
sublimate locally from the source and move straight towards the sample surface. The 
growth rate of the deposited Cr layer is approximately 3-5 angstrom/second. To improve 
the uniformity of Cr film in thickness, the sample holder is rotated in the chamber during 
the evaporation.  
For the conductivity measurements of individual SiGe/Si microtubes, different metals, 
such as aluminum (Al) and Cr, have been used for preparing contacts. The details of the 
fabrication and measurements for the tube conductivity investigation are provided in 
chapter 5. 
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3.3 Lithography 
The final shape of a rolled-up 3-D structure strongly depends on the predefinition of the 
size and shape of 2-D patterned thin films. To achieve flexibility in design of the mesa 
structures, e-beam lithography and photolithography have been employed. Various 
shapes of patterns have been investigated, the results and discussion of the relation 
between the 2-D patterned thin films and the 3-D rolled-up structures are given in the 
next chapter (chapter 4). 
3.3.1 E-beam lithography 
The key advantage of e-beam lithography is its high resolution, a pattern size as small as 
10 nm is feasible. Contrary to photolithography which just copies designed patterns from 
a photo-mask, e-beam lithography is a mask-less lithographic technique which  allows to 
write even random pattern designs onto the sample directly. Polymethyl methacrylate 
(PMMA) is used as a standard high resolution positive resist for e-beam lithography.  
In our lithographic treatments, after metal evaporation, a 100 nm thick PMMA layer was 
spin-coated on the top of the sample. Then the sample is baked on a hotplate at 90°C for 1 
minute. Subsequently, the sample is mounted on the sample holder of the e-beam 
lithography system. The e-beam lithography system in Paul Scherrer Institute is Lion-
LV1, which allows different types of data format for a pattern design. The bitmap format 
is adopted in our experiments for a convenience of design, where one bitmap file for a 
pattern design consists of 4000 x 4000 pixels. Black or white in a single pixel means this 
pixel region to be exposed or unexposed, respectively. Each pixel size is defined as 40 
nm by the system. According to the designed binary color bitmap file, the e-beam 
lithography system writes an entire pattern on PMMA coated sample one pixel by another. 
Thus, for each pattern design, the real exposure area on a sample is a square of 160μm x 
160 μm. A group of patterned arrays can be obtained on the sample by programming the 
e-beam system. After the exposure, all of the samples are developed using a recipe of 
methylisobutylketone (MIBK) and isopropyl alcohol with a ratio of 1:3 as developer in a 
HAMATECH (Steag-Hamatech HME 500) developing equipment. Then, the sample is 
sprayed by pure isopropyl alcohol to stop the development immediately, and dried by 
high speed spinning in the developing equipment. 
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3.3.2 Photolithography 
Photolithography is an alternative method to make patterns on samples. The main 
advantage to use photolithography is its possibility for batch fabrication. Usually it takes 
less than half minute to transfer all patterns from the photo-mask to the photoresist coated 
4-inch Si wafer by a single exposure. However, the resolution of the resulting line width 
in the pattern is usually about half micron. In this work, SHIPLEY MICROPOSIT S1813 
photoresist is used for photolithography, its resolution limit is 0.48 μm [54]. After 
epitaxial growth of SiGe/Si bilayers, ca. 1.3 μm thick photoresist S1813 is spin-coated on 
the sample directly without metal evaporation, because the photoresist is sufficiently 
thick to be used as a mask for reactive ion etching. The sample is baked at 120 °C for 1 
minute, and then is exposed by a standard mask aligner (Karl Suess MA-6). The exposure 
process was performed under soft contact mode with an intensity of 10mW/cm-2 at a 
wave length of 365 nm for 4.5 seconds. Subsequently, the exposed sample was developed 
by rinsing it in developer solution (MICROPOSIT MF 24A) for 20-30 seconds. Finally 
the sample is rinsed in deionized water and dried by blowing nitrogen gas on the surface. 
3.4 Etching 
3.4.1 Reactive ion etching 
The most important reason to use reactive ion etching (RIE) is the possibility for 
directional (anisotropic) etching, so that the pattern can be transferred from PMMA or 
photoresist to the underneath thin films with a precisely controlled size and shape. This 
directional etching is attributed to the presence of ionic species in the plasma and the 
electric fields that direct them normal to the sample surface [47]. The etching rate is also 
highly controllable by tuning the plasma parameters such as gas pressure, voltage bias 
and power. 
In the experiments, three steps of RIE are applied to transfer the pattern from PMMA to 
SiGe/Si/Cr stacked thin films. In the first step, the pattern was transferred from PMMA 
into the Cr layer by mixture of Cl2 and CO2 gas plasma. Secondly, the top residue PMMA 
layer is removed by oxygen plasma etching. After that, the patterned Cr layer was used as 
a mask to transfer the pattern further to the underneath SiGe/Si bilayer using RIE in a SF6, 
CHF3 and O2 ambience. Figure 3.6 shows a high resolution SEM image of RIE etched 
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mesa line structure, in which the formed vertical side-walls of the mesa confirm the 
directional etching towards the substrate. To fabricate SiGe/Si 3D structures, in addition, 
the residual Cr layer on the SiGe/Si/Cr stacked thin films is finally removed by RIE. For 
samples covered by photoresist directly, the etching steps for patterning Cr layer are 
skipped. 
 
Figure 3.6: SEM image of RIE etched mesa-line structure, showing the etching is dominated in 
the direction normal to the surface of substrate.  
 
3.4.2 Wet etching 
To release the strained thin films, i.e. SiGe/Si, SiGe/Si/Cr and Si/Cr, from the Si substrate 
(and the undoped Si buffer), wet etching is performed by immersing the sample in a bath 
of chemical solution. Wet etching can have the possibility for high etching selectivity 
because it depends on chemistry. The selectivity is defined as the ratio of etching rates 
between two materials: the etching rate of the faster etching material divided by the 
etching rate of the lower etching material [55]. 
Wet chemical etching based on ammonium-hydroxide water (NH4OH·H2O) solution for 
micromachining monocrystalline silicon was developed recently [56-58]. NH4OH·H2O 
shows strong dependence of the etching rate on the crystal orientation with anisotropic 
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behavior similar to that of potassium hydroxide (KOH) and ethylenediamine 
pyrochatechol water (EPW) which are commonly used for Si micromachining [58]. In 
contrast to KOH, EPW and other etchants for Si micromachining, NH4OH·H2O solution 
fulfills all the following requirements: it does not incorporate alkaline ions which can 
contaminate CMOS integrated circuits; it is not toxic; and the most important factor is 
that it gives excellent etching selectivity to heavily boron doped Si and SiGe layers. 
Schnakenberg et al. reported that the etching rate of highly boron-doped (1.3·1020 
atoms/cm3) silicon epitaxial layers in 3.7% NH4OH·H2O at 75 ºC was smaller than 3 
nm/h, which corresponds to a selectivity of approximately 8000 [56]. A higher 
concentration of NH4OH·H2O (> 3.7%) leads to a significant decrease of ammonia 
concentration with the etching time due to high volatility, which results in unreliable 
reproducibility. In SiGe alloys, Ge can be considered as an electrically inactive donor 
impurity in silicon. Wang et al. reported that, in NH4OH·H2O at 75ºC, the etching 
selectivity of SiGe layer with 10% concentration of Ge was better than 80, and it 
increased with Ge concentration [59]. The mechanism of etching resistance on highly 
boron doped Si and SiGe alloy is still unclear, but it is suggested that a passivating oxide 
film is formed due to the heavily doping in silicon [55, 59]. Thus, the selectivity of highly 
boron doped SiGe layer with Ge concentration larger than 10% can reach higher etching 
selectivity than that of Si with the same doping level. In addition, metals such as Au, Cr, 
Ti show excellent stability in NH4OH·H2O solutions [57]  
When the SiGe/Si bilayer (or SiGe/Si/Cr, Si/Cr thin films) is released from Si substrate 
by dissolving the Si substrate using NH4OH·H2O solution, the internal stress in the 
heterostructures tends to relax spontaneously and the bilayer curls themselves to form 
freestanding 3D micro-/nanostructures.  
The surface finish status of the sample after etching process in micromachining is greatly 
concerned because a smooth surface is essential for the fabrication of MEMS/NEMS [58]. 
In our work, it has been found that after the RIE process, if the sample surface is not very 
clean, e.g. the residual photoresist (or PMMA) sticks on the surface, pyramids will form 
and the surface roughness increases significantly during the wet etching. Figure 3.7 
shows that the residual contaminator causes the higher surface roughness of the sample, 
and that very smooth surface can be obtained from the sample with clean surface before etching. 
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Therefore, special attention is paid in our experiments to avoid any contaminations on the 
sample surface before the wet etching.   
 
Figure 3.7: SEM images of sample surfaces after wet etching process. (a) Sample has very rough 
surface due to the residual polymer sticking on the surface after RIE. (b) Very smooth surface can 
be obtained after the wet etching process, if the sample surface is clean before the wet etching. 
3.5 Rinsing and drying 
Drying a freestanding 3D micro-/nanostructure in air could drastically deform even 
destroy the structure due to surface tensions produced by the liquid inside the 3D 
structures or between the structure and the substrate at the stage when the residual liquid 
changes into gaseous phase and reduces its volume. Figure 3.8 shows some as-fabricated 
SiGe/Si microtubes dried in air from water and isopropyl alcohol solution, where the 
structures were deformed or attached to the substrate by the surface tension. The van der 
Waals forces and hydrogen bonding may keep it sticking to the substrate strongly, the 
mechanical force to release it from the substrate is usually large enough to damage the 
delicate micro-/nanostructures [48]. Thus, it is crucial to decrease or eliminate the surface 
tension during the drying step. 
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Figure 3.8: SEM images of deformed freestanding microtubes after a drying process affected by 
surface tension. (a) Sample is dried from water. (b) Sample is dried from isopropyl alcohol.  
 
A simple way to reduce the effect of surface tension is to dry the sample from a just 
boiling isopropyl alcohol solution. Compared with water, isopropyl alcohol has a relative 
low surface tension and the boiling isopropyl alcohol evaporates extremely fast, thus the 
impact time from surface tension is well reduced. The processing steps are as follows: 
after the freestanding structures have been fabricated in the aqueous NH4OH solution, the 
sample is thoroughly rinsed in deionized water and subsequently in isopropyl alcohol; 
then the sample is dried by removing them carefully out of boiling isopropyl alcohol and 
placed on a clean-room tissue. Experimental results show that this method is able to 
increase the yield of resulted devices, however, this method is still not promising for the 
fabrication of very fine nanostructures such as single turn rolled up nanotubes [60] or 
nanohelices with only a layer thickness of several nanometers. Therefore, more gentle 
drying technique is required. One well known method is critical point drying which can 
eliminate the surface tension completely. Figure 3.9 presents the general phase diagram 
of a substance such as CO2; by increasing the pressure and temperature of the substance, 
it is possible to dry the sample without crossing the phase boundary, i.e. method II in 
figure 3.9. This is because once the critical point is exceeded, which means in the 
supercritical region, no distinction exists between liquid and gas, therefore the surface 
tension disappears. 
In the experiments, the sample is immersed in deionized water to stop the etching and 
then it is placed into a chamber of the critical point dryer equipment (tousimis, 
Automegasamdri®-915B, Series B) filled with isopropyl alcohol solution. The next 
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drying processes are automatically operated by the equipment: the rinse liquid (isopropyl 
alcohol) is replaced by liquid CO2 in the chamber of the critical point dryer; the liquid 
CO2 then will be driven into supercritical phase under a pressure of 1100 psi at 35ºC and 
pumped out from the chamber. This supercritical drying method works well in our 
experiments to avoid the impact of capillary force.   
 
Figure 3.9: If the sample is dried in the air (method I) from a liquid phase to gaseous phase, 
surface tension will impact the structures of the sample. However, if the sample is dried under a 
supercritical condition of the liquid (method II), the surface tension disappears. CP means the 
critical point of the liquid. 
3.6 Summary 
As a short summary, to fabricate SiGe/Si, SiGe/Si/Cr and Si/Cr 3-D micro-
/nanostructures, epitaxial growth of semiconductor thin films, e-beam evaporation of 
metal layer, lithography, reactive ion etching, selective wet etching and drying processes 
are performed. Figure 3.10 gives the schematic drawing flowchart for the fabrication of 
SiGe/Si 3-D structures, the fabrication methods of SiGe/Si/Cr and Si/Cr structure can be 
easily developed based on this fabrication flow. These fabrication techniques are 
compatible to the modern Si technology, and the fabrication of rolled-up Si-based 3-D 
structures is very reproducible and possible for large scale production.  
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Figure 3.10: The flowchart for fabrication of rolled-up SiGe/Si bilayer structures via e beam 
lithography (the left column) and photolithography (the right column). To fabricate SiGe/Si/Cr 
and Si/Cr 3D structures, step (i) is skipped. Moreover, to fabricate Si/Cr 3D structures, only one 
Si layer is epitaxially grown on the substrate instead of a SiGe/Si bilayer. 
 
 
 
 
 
Chapter 4  
Controllable fabrication of 3-D micro-/nanostructures 
In this chapter, a variety of Si-based 3D micro-/nanostructures with different shapes and 
dimensions have been obtained by controllable fabrication. Started with the fabrication of 
conventional micro-structures with the mesa pattern in micrometer scale, then the 
dimension of the designed pattern is further scaled down to nanometer size (<1μm), the 
scrolling behaviors and rules of the nanostructures fabrication are intensively studied. 
Especially, the stress relaxation at the rim of mesa lines during the formation of 
nanostructures has been probed to be responsible for the anomalous coiling of the 
strained thin films. The achieved flexible design and controllable fabrication of the 
rolled-up 3D micro-/nanostructures is promising for their applications in MEMS/NEMS 
devices. 
4.1 Scrolling behaviors of tubes and helices in micrometer size 
Two types of freestanding 3D micro-structures (tubes and helices) have been fabricated 
from strained SiGe/Si bilayers and SiGe/Si/Cr film stacks. The tube structure is fabricated 
on Si (001), (110), and (111) surfaces respectively to investigate the scrolling behavior on 
different substrates. Also, helical micro-structures with different designs of the mesa 
stripes have been obtained on Si (001) surfaces, and the factors to influence the geometry 
of the coils, such as the helical angle, the chiraity and the pitch, have been examined.  
4.1.1 As-fabricated microtubes on different Si substrates 
4.1.1.1 Microtubes on Si (001) surface 
Crystalline Si is an anisotropic material showing different mechanical properties with 
respect to the crystallographic orientation, for instance, the Young’s moduli along <100> 
and <110> directions on Si (001) substrate are 130.2 GPa and 168.9 GPa, respectively 
[43]. In chapter 2 (section 2.3), we have shown that according to the strain energy 
calculation, <100> should be the energetically favourable scrolling direction of Si and 
SiGe layers. It is understandable that the strained films to form tubes will always trend to 
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scroll themselves along the most compliant scrolling direction, i.e. in the direction having 
the smallest Young’s modulus on the surface [26]. On a Si (001) substrate it is along 
<100> directions. This regulation is used to direct the scrolling process for fabrication of 
freestanding tubes on Si (001) substrate. Figure 4.1a schematically shows a mesa 
structure design of a freestanding tube on the Si (001) surface, where the long sides of the 
mesa line is parallel to [010] direction [28]. In experiments, the width of the stripe w was 
also increased to fabricate tubes with different numbers of turns. Since there are two 
equivalent <100> directions on the Si (001) surface, i.e. [100] and [010], which are 
perpendicular to each other, the scrolling direction of the bilayer is still not uniquely 
settled. Thus, to better control the initial scrolling direction of the patterned bilayers or 
multi-layers in a specifically desired <100> direction, anisotropic underetching effect has 
been utilized by applying a special pattern design in the mesa’s tip [28]. Figure 4.1a 
demonstrates a pattern design conducted for this purpose, where the edge BC of the tip is 
tailored along <110> direction in the pattern to allow the bilayer preferentially rolling 
first in the [100] direction. During the initial stage of etching, the formed (111) facets at 
the sidewall under the mesa’s tip will retard the underetching in this direction [28], 
whereas mesa edges AB  and CD oriented along the [010] direction are underetched 
rapidly. As a result, the strained film has much higher priority to scroll itself along [100] 
direction than along [010]. Figure 4.1 b-e show field emission scanning electron 
microscope (FESEM) images of typical as-fabricated freestanding tube structures, in 
which the initial planar films consist of a SiGe/Si bilayer with a thickness of 11/8 nm, 
respectively, and about 40% Ge in the SiGe layer. The freestanding length of the two 
tubes formed from the pre-patterned SiGe/Si bilayers in figure 4.1(c, d) is about 60 μm 
and 110 μm, respectively. In figure 4.1c it is clearly seen that the as-fabricated tube is 
very straight and the diameter is uniform from the free end to the fixed end of the tube. 
Since the bilayers begin coiling from both sides of the mesa stripe simultaneously, i.e. 
along the opposite [100] and [-100] direction in the case, the width of stripe (w) should be 
appropriately selected for a single freestanding tube fabrication. According to our 
experimental results, when the width of the stripe w is less than that about 1.6 times of the 
tube circumference, i.e. 1.6πd (d is the diameter of the tube), a single freestanding tube 
can be fabricated, as shown in figure 4.1b-d. In the case of dw π6.1> , a pair of two parallel 
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tubes (“twin tube”) is formed as shown in figure 4.1e. By increasing the width of the 
mesa line each of the two tubes will contain several turns.  
In addition, Si/Cr or SiGe/Si/Cr micro-tubes have also been fabricated on Si (100) surface, 
and the scrolling direction of these metal-coated films is found as same as that of SiGe/Si 
bilayers, i.e. in the <100> direction. This phenomenon can be understood that the coated 
polycrystalline or amorphous Cr layer shows an isotropic Young’s modulus, thus the 
preferential scrolling direction of the metal-coated films is still determined by the 
anisotropic nature of the Si layer or SiGe/Si bilayer. Figure 4.1f shows a Si/Cr “twin 
tube” as an example, in which a rectangular-shaped pattern was applied on Si/Cr hybrid 
bilayers.  
The diameter d (d=2R) of tubes formed from the Si1-xGex/Si bilayers can be theoretically 
estimated either by Tsui and Clyne’s calculation (see chapter 2 Eq. 2.6) or by 
Grundmann’s equation (see chapter 2 Eq. 2.20). In order to compare the experimental 
diameters with theoretical ones systematically, a series of Si1-xGex/Si bilayers with varied 
Ge concentration (x), Si1-xGex layer thickness (h1) and Si layer thickness (h2) have been 
designed, as listed in Table 4.1, with increasing of Ge concentration and decreasing of 
bilayer thickness. Both the theoretically calculation and the experimental results indicate 
that the higher Ge concentration as well as the thinner film will lead to a smaller diameter 
of the tube. Most of the experimental diameters are in good agreement with those 
predicted by calculations except for sample (a). It is also noticed that the calculation of 
Eq. (2.20) based on model II gives more accurate results than that of Eq. 2.6 based on 
model I, indicating that model II fits better to the real situation of the self-scrolling of 
SiGe/Si bilayers. Contrary to model I, a factor of (1+νSi) is applied in Eq. 2.6 of model II 
by taking the condition of cylindrical scrolling into account [61], which leads to a more 
precisely calculated result. The minor discrepancy between the experimental diameter 
and the calculated value based on Eq. (2.20) is attributed to the thin native oxide layer 
which might form in- or outside of the tube. Depending on the thickness and strain state 
of oxide layer the diameter of tube could be deviated a little from the ideal one. Sample (a) 
shows the largest diameter in the table 4.1 and also gives largest relative error to the 
calculation. The measured diameter of this tube (12.25 µm) is obviously smaller than the 
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calculation (14.71 µm) from Eq. (2.20). This is probably due to the extremely long 
etching time (ca. 7 hours) for the formation of this “big” tube in aqueous NH4OH solution 
to complete a whole turn [3], then the top p-type Si layer is undesirably etched and 
becomes thinner than the original thickness. All other samples in this series have much 
shorter wet etching time (< 80 min), thus this effect is negligible. The smallest diameter 
of SiGe/Si tubes achieved in our experiments without using supercritical drying technique 
is about 200 nm.  
 
Figure 4.1: (a) The schematic layout of the mesa designing with respect to the crystallographic 
orientation of the substrate. Here, w is the width of the stripe. (b) FESEM top-view image of a 
one side fixed freestanding tube. The diameter of the tube is 1.25 μm. (c) Locally magnified SEM 
image of (b). (d) FESEM side-view images of one side fixed microtubes. (e) FESEM top-view 
image of a freestanding “twin tube”. The scale bar is 5 μm. (f) FESEM top-view image of Si/Cr 
“twin tube” with bilayer thickness of 10/10 nm. The patterned bilayer is rectangular-shaped and 
the scrolling direction is <100>. 
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Table 4.1: Experimental and calculated diameters of the tubes fabricated from Si1-xGex/Si bilayers. 
h1 and h2 are thickness of SiGe and Si layer, respectively. dexp represents the measured 
experimental diameter, dI and dII are the diameters from calculation based on Eq. (2.6) and Eq. 
(2.20) respectively. Model I is based on Tsui and Clyne’s equation and model II is based on 
Grundmann’s equation. 
sample 
Nr. 
x h1 
(nm) 
h2 
(nm) 
dexp 
(μm) 
model I 
dI (μm) 
model II 
dII (μm) 
relative 
error to dI  
relative 
error to dII  
(a) 14% 12.1 43.5 12.25 18.68 14.71 34.4% 16.7% 
(b) 23% 11.7 7.8 2.10 2.83 2.23 25.8% 5.8% 
(c) 40% 11.0 8.0 1.25 1.56 1.22 19.9% 2.5% 
(d) 40% 5.5 4.0 0.60 0.78 0.61 23.1% 1.6% 
(e) 40% 2.8 4.0 0.50 0.57 0.45 12.3% 11.1% 
(f) 40% 2.8 2.0 0.30 0.40 0.31 25% 3.2% 
 
4.1.1.2 Microtubes on Si (110) and (111) surfaces 
The methodology to scroll strained hetero-structures to form tubes was also investigated 
on Si (110) and (111) surfaces which are frequently used for MEMS/NEMS [62, 63]. A 
pronounced anisotropy of Young’s modulus is found in the direction parallel to Si(110) 
surface [43]. The main advantage of using Si(111) as substrate is that the etching rate in 
the <111> direction is 7.5 times lower than that in the <110> direction [56], which allows 
a rapid underetching in the <110> direction of a mesa holding the SiGe/Si bilayers. Thus, 
the requirement on the etching selectivity between SiGe/Si bilayers and their substrate is 
less demanding compared with using Si(001) as a substrate [26]. These peculiarities of 
(110) and (111) substrates make them of particular interest to study the fabrication of 
micro- and nano-objects by scrolling of hetero-/hybridstructures. Based on the differences 
of the crystallographic orientation and Young’s modulus on (100), (110) and (111) Si 
wafer surfaces, as shown schematically in figure 4.2, SiGe/Si and SiGe/Si/Cr 
semiconductor and hybrid thin films are expected to have different scrolling regulations 
for the formation of 3D structures on Si (110) and (111) substrates. On Si (110) substrate, 
the two important crystallographic directions, i.e. [001] and [1-10], are perpendicular to 
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each other as shown in figure 4.2b, whereas the two inclined (111) planes intersect the 
(110) surface with the [1-10] direction (see figure 4.2e). Thus, it is predictable that these 
two etching-stop (111) planes will retard the lateral underetcing process in [001] direction, 
hampering the films to scroll along [001], the direction of the smallest young’s modulus 
on the surface. Among different Si substrates, Si (111) is the only one which has an 
almost isotropic Young’s modulus in the plane [43, 64]. Hence, it is expected that on this 
kind of substrate the effect of anisotropic underetching rate will play an important role in 
deciding the scrolling direction. The purpose of this section is to discover the scrolling 
behavior of 3D freestanding structures fabricated on these two important surfaces. 
 
Figure 4.2: (a-c) Schematic drawing showing the values of Young’s modulus on Si(100), (110) 
and (111) surfaces, respectively. (d-f) Geometry of the (111) etching stop planes in Si(100), (110), 
(111) substrates and the orientation of intersection line on the surface.  
 
Before the fabrication of tubes on Si (110) and (111) substrate, wagon wheel shaped 
patterns [65] were designed for both types of substrates to investigate the dependence of  
lateral underetching rate on the crystallographic orientation of mesa lines. As the mask 
layer of the samples used in this test, a 15 nm thick Cr layer was deposited directly on the 
substrate. After the lithography process, the samples were etched in 3.7% NH4OH·H2O at 
room temperature. To determine the lateral underetching rate of the samples 
quantitatively, the width of freestanding underetched Cr mesa lines was measured in a 
FESEM. To get rid of Cr stripes on the surface, the Cr layer was finally etched away by 
RIE after the lateral underetching rate measurement. The resulted etching profiles (figure 
4.3) clearly show the anisotropy of the lateral underetching of the both surfaces. On the 
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(110) surface, an interesting feature is noticed that the underetching rate in [1-10] 
direction (the lateral etching direction of the mesa line along [001]) is rather high, 
whereas the underetching rate in [001] direction (the lateral etching direction of the mesa 
line along [1-10]) is the lowest. The very low lateral underetching rate in the latter case 
can be explained due to the (111) etching-stop plane facing to this etching direction (see 
figure 4.2e). The underetching profile on the (111) surface shows a 6-fold symmetry, and 
the mesa line direction with [11-2] orientation shows a high lateral underetching rate. In 
contrast, the mesa line along [1-10] direction has the slowest underetching speed due to 
the (111) facets (see figure 4.2f) to be formed in that direction. The influence of the 
anisotropic etching profiles (figure 4.3) together with the Young’s modulus (figure 4.2) 
on the scrolling behavior of the tubes fabricated on Si (110) and (111) substrates will be 
further discussed in the following parts of this section. 
 
Figure 4.3: (a) SEM image of lateral underetching profile on Si (110). (b) SEM image of lateral 
underetching profile on Si (111). (c) Lateral underetching rate as a function of orientation. l1 is 
13° off [1-10] and l2 is 33° off [1-10]. Note that all orientations between these two lines have a 
higher lateral underetching rate than [00-1]. (d) Lateral underetching rate as a function of 
orientation.  
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The tubes fabricated on Si(110) substrate consist of SiGe/Si/Cr layer stacks with the 
thickness of 5/4/10 nm, respectively. The SiGe/Si/Cr layer sequence deposited on Si(111) 
substrate contains the thicknesses of the individual films of 3/4/13 nm, respectively. The 
Ge concentration of all above SiGe films is about 30%. On the Si(110) oriented substrate, 
the long sidewalls of mesas were aligned to either [001] or [1-10] directions. On the 
Si(111) substrates, the tube formation was investigated using triangular shaped mesa 
patterns with edges aligned in the direction perpendicular to the <112> first, then in 
directions deviated from the <112> by 10° to 350° in steps of 10°.  
SEM images in figure 4.4 show the SiGe/Si/Cr microtubes produced from a “butterfly”-
shaped pattern (figure 4.4b inset), in which its edge is aligned in the direction of <001> 
(figure 4.4 a-d) or <1-10> (figure 4.4a inset) on the Si(110) surface. The diameter of the 
tubes is about 1.9 μm. The experimental results show that the scrolling direction of the 
SiGe/Si/Cr film stacks is along <110>, the direction with the highest lateral etching rate, 
but not along <001>, although the latter is the direction of the smallest Young’s modulus 
on the (110) oriented surface.  
 
Figure 4.4: SEM images of the SiGe/Si/Cr micro-tubes fabricated on Si(110) surfaces etched at 
different temperatures. The scrolling direction of the mesa pattern is <110>. (a-b) Two mesas of 
different sizes etched for 45 minutes at room temperature. (c-d) The samples etched at 75°C for 
12 minutes. Only (1-10) underetching facet was observed along <1-10>. The inset of image (a) 
indicates the mesa pattern aligned to <110>. The inset of image (b) indicates the designed 
mesas aligned with <001>. The dash line arrows in all of the images point to <1-10>.  
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Above results clearly show that the scrolling direction of SiGe/Si bilayers on Si(110) is 
governed by the fast underetching rate, due to the anisotropic underetching of the 
substrate. By using this regulation, other preferential scrolling directions, in addition to 
<110>, are possible to be predicted. According to the underetching profile (figure 4.3c), 
the maximum etch rate on Si(110) in the direction 22º off <1-10>  is noticed; also, the 
Young’s modulus in this direction is smaller than that in the <1-10>. Thus additional 
scrolling directions can be expected for the mesa lines oriented in an angular range near 
this direction (between l1 and l2, see figure 4.3c). This prediction is confirmed by our 
experiments. Indeed, tubes containing SiGe/Si/Cr and SiGe/Si layer sequences can be 
rolled up easily when their sidewalls are oriented in the directions from about 13º to 
about 33º off <1-10> (between l1 and l2, figure 4.3c). Some examples are shown in figure 
4.5.  
 
Figure 4.5: SEM images showing the scrolling directions on Si(110) surface of samples etched 
in 3.7% NH4OH solution at room temperature. (a)-(c) micro-tubes with Cr coating, (d) without 
Cr coating. (b-c) SEM images showing top-view of the tubes. The angles indicate the 
misalignment towards the [1-10] orientation. The white arrows present the [1-10] direction. (d) 
The patterns are the same as (c), but without a top Cr layer. The SiGe/Si tube has a diameter of 
about 900 nm. The wet etching process was performed at room temperature by 3.7% 
NH4OH·H2O solution. 
 
Since (111) plane would suppress the scrolling of the films as presented for (110) surface, 
it is expected that the deviation of a few degrees off from <1-10> is necessary for the 
Chapter 4. Controllable fabrication of 3-D micro-/nanostructures 35 
directional scrolling of SiGe/Si/Cr stacked films in (111) substrate. Figure 4.6 shows the 
experimental results for fabrication of microtubes with different orientation of the 
patterns in this substrate. One can find that when the pattern aligned to <110>, it is very 
difficult to scroll the film to form a tube, whereas the patterns misaligned 10º or more 
from <110> direction formed tubes with a good reproducibility. This result verifies that 
to roll up tubes on Si(111) surface, the designed sidewalls of the Si-based strained films 
should be oriented at least 10° off from the <110> direction. 
 
Figure 4.6: SEM top-view image of the 3-fold symmetrical patterns employed to test the 
preferred scrolling direction on Si(111) substrates. In the top right corner of each pattern, the 
misaligned angle to <1-10> direction is marked.  
 
4.1.1.3 Conclusion 
In conclusion, we have demonstrated a simple and thus reliable technology to fabricate 
3D microtubes from the strained SiGe/Si films deposited on different Si substrates by 
UHV CVD growth. The tube diameter is precisely controlled by the thin film layer 
thickness and the lattice mismatch between SiGe and Si layers. Also, the preferred 
scrolling directions of microtubes on Si(110) and Si(111) surfaces were compared to 
those on Si(001) substrates. It has been found that on Si(110) and Si(111) substrates, the 
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scrolling direction of microtubes is dominated by the anisotropic underetching of mesa 
structures, whereas anisotropy of Young’s modulus is of minor importance.  
4.1.2 Helical micro-structures 
Si-based microcoils are quite interesting 3D micro-structures having potential 
applications for sensors as well as for inductors in microelectronics. The structure of 
microcoils is mechanically elastic and more flexible than tubes. Moreover, the helical 
structures have an excellent surface to volume ratio and easy accessible surfaces, which is 
opening new potential applications in particular for biological and chemical sensors [66]. 
However, it is still in a challenge to fabricate Si-based semiconductive or hybrid 
microcoils with desired shapes and dimensions for the real applications, and the scrolling 
behavior behind the fabrication of microcoils needs to be better understood. In this 
section, we focus on the principle and technology for the controllable fabrication of 
SiGe/Si and SiGe/Si/Cr microcoils using different design of mesa line patterns with the 
stripe width equal to or larger than 1μm. Clearly, contrary to fabrication of a tube, a 
misaligned angle between stripe and scrolling direction is necessary to form a microcoil 
with a specific helicity angle. The helicity and pitch of a helix are described in figure 4.7. 
Here we define the pitch p as the rising distance of the coil along the tube axis needed for 
one turn. The helicity angle θ is equal to the misalignment angle between the preferred 
scrolling direction [xyz] and the orientation of the stripe [uvw] as defined in figure 4.7. 
The mesa configuration illustrated schematically in figure 4.7 results in a right-handed 
helix. The geometrical relation between the pitch p, the diameter d and the helicity angle 
θ of a helix is described by Eq. (4.1): 
θπ tan⋅= dp                     (4.1) 
The width of the stripe w is given by its initial pattern design. The spacing s between each 
turn of helix in the axis direction can be calculated by: 
θcos/wps −=                  (4.2) 
 
Chapter 4. Controllable fabrication of 3-D micro-/nanostructures 37 
 
 
 
Figure 4.7: Schematic drawing of a helix 
formed by rolling-up of a stripe. The 
definitions of diameter d, pitch p, and helicity 
angle θ are presented in the figure, 
where θπ tandp = . The crystal orientation of 
the stripe is represented by [xyz], and [uvw] is 
defined as the scrolling direction. This helix 
shows a right-handed chirality. 
 
4.1.2.1 One end fixed microcoils  
Narrow stripes with different misaligned angles to the <100> direction were designed 
(see figure 4.8) for microcoil fabrication on Si (001) surface. Details of the SiGe/Si/Cr 
mesa line patterning and wet etching to fabricate SiGe/Si/Cr helical coils have been 
described in chapter 3. 
 
Figure 4.8: The image gives the mesa pattern used to fabricate microcoil. The white region 
indicates the 8 stripes to form helices, the stripes a, b, c, d, e, f, g, h, have θ = 45°, 47.5°, 50°, 
55°, 60°, 67.5°, 75° and 90° respectively, θ is the angle between one <100> direction and the 
orientation of stripe; the crystallographic directions are marked in the image. 
 
Figure 4.9 shows SEM images of typical microcoils made by the mesa lines depicted in 
figure 4.8. Here the initial planar films consisted of a three-layer SiGe/Si/Cr stack having 
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a thickness of 3.5 nm, 4.5 nm, 15nm, respectively, and a Ge concentration of about 50% 
in the SiGe film. The width of mesa stripes is 1 μm. Measured from the SEM images, the 
diameter of these helices is about 1.7 μm. Table 4.2 summarizes the different etching 
temperatures and times of the four samples depicted in the SEM micrographs in figure 
4.9. Table 4.3 shows a good agreement of the experimentally determined parameters of 
these helical coils with the values calculated by Eq. (4.1).  
The pitch of a helix measured from SEM image is sometimes slightly smaller than the 
calculated one because: (i) The observation angle of the SEM images may not be exactly 
perpendicular to the axis of the helix, and (ii) During the drying process, the coil might be 
deformed by surface tension: the liquid in the helical belt tries to contract the coil during 
its drying. One way to avoid the effect of surface tension is to use supercritical drying, 
then surface tension will be eliminated at the interface [60]. (iii) Stress relaxation at the 
edge of the stripe may occur, which leads to the scrolling direction slightly deviating 
from the preferred <100>. This effect will be discussed in section 4.2 for the fabrication 
of nanostructures, which becomes more significant if the width of the mesa line is scaled 
down to less than 1 μm. 
 
Figure 4.9: SEM images of Si0.5Ge0.5/Si/Cr (3.5/4.5/15 nm) helices with different misalignment 
angle (θ)  and pitch (pexp) values. (a) θ=67.5° (b) θ=60° (c) θ=55° (d) θ=50°. The pitch data are 
presented in table 4.3. 
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Table 4.2: Etching conditions and diameters of helices shown in Figure 4.9. 
Helices Etching 
Time 
(min) 
Etching  
Temperature
(K) 
Etchant 
(NH4OH) 
Diameter
d (µm) 
Fig. 4.9a 5.25 300 3.7% 1.7 
Fig. 4.9b 1.75 370 3.7% 1.7 
Fig. 4.9c 15 300 3.7% 1.7 
Fig. 4.9d 25 300 3.7% 1.7 
 
Table 4.3: Comparison of the pitch obtained experimentally (pexp) and theoretically (p=πd·tanθ) 
for various misalignment angle θ, i.e. the mesa orientation. 
misaligned angle θ 
 
theoretical value 
p (μm) 
experimental value  
pexp (μm) 
67.5° 12.89 12.29 ± 0.16 
60° 9.25 8.58 ± 0.10 
55° 7.62 7.05 ± 0.10 
50° 6.36 6.00 ± 0.12 
47.5° 5.83 5.40 ± 0.10 
An interesting phenomenon revealed by SEM observations is the difference of the 
scrolling speed of the stripes with different misalignment angles. Figure 4.9a shows an 
example, in which a stripe with θ = 67.5° has already scrolled completely into a helix, 
whereas the adjacent one with θ = 60°, looked as a straight stripe indicated with an arrow 
in figure 4.9a, even has not yet started to roll up. The different etching time needed for 
releasing the SiGe/Si/Cr films with the same length but different orientation from the 
substrate is mainly caused by the anisotropic underetching rate of the substrate. On Si 
(001) substrate, the smaller the angle between the narrow stripe and the <110>, the 
slower the etching speed. For stripes aligned closer to the <110> direction, (111) facets 
rapidly form at the sidewalls along the mesa stripe, hampering the underetching in the 
sidewalls. In this case, the etching process predominately started from the tip of the mesa, 
thus it will take a much longer time to free the structure from the substrate. This effect is 
illustrated in figure 4.10, representing SEM images of the Si0.6Ge0.4/Si/Cr microcoils 
prepared from the same pattern as previously discussed ones, thus they were fabricated 
together having the same etching time in the NH4OH solution. The stripes shown in 
figure 4.10a-f have misalignment angles of θ = 45° (see figure 4.10a-c), 47.5° (see figure 
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4.10d-e) and 50° (see figure 4.10f), respectively. Figures 4.10a-c show images of the 
same stripe observed from different viewing angles, clearly demonstrated that the stripe 
with θ = 45° has the lowest rate of underetching from the sides. Here the sidewalls are 
rather smooth and actually formed by (111) facets, which are the planes with the lowest 
etching rate. An increase of the deviation of the mesa line orientation from the <110> 
direction leads to an increase of the underetching rate on the sidewalls. At small 
deviations, the dense etching steps already can be observed on the (111) facets (see figure 
4.10d-e), which allow the attack of the anisotropic etch actively at the kink-like steps on 
the sidewalls. The more kinks form with the increasing deviation from <110>, the faster 
the lateral underetching of the mesa stripe. From the thermodynamic point of view, etch 
pits can nucleate at kink positions much easier [67, 68]. Thus, lateral underetching is 
faster when the sidewalls have more steps. Here we might note that the change of lateral 
etching rate in the vicinity of (111) planes is very sensitive even to a small angular 
misalignment. It has been reported by H. Seidel et al [65], that for EDP (a water solution 
of ethylenediamine and pyrocatechol) and KOH, the etching rate increases by about a 
factor of two for a misalignment angle of 1° on a <100> wafer. Finally, for a larger 
deviation (figure 4.10f) the sidewalls become rough, no obvious (111) planes form and 
the underetching occurs rapidly. Thus, the microcoil has scrolled out of the viewing field 
of the image in figure 4.10f, and formation of the helix is completed as shown by a lower 
magnification image in the inset of figure 4.10f.  
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Figure 4.10: SEM images of Si0.6Ge0.4/Si/Cr (8/10/15 nm) helices on the Si(001) substrate, 
showing the different underetching speed with the different misaligned angles. (a-c) θ = 45°, (d-
e) θ = 47.5°, (f) θ = 50°. All samples are investigated in SEM with the sample holder 60° tilted 
except image c which is a top-view. 
 
The chirality of the helical structures has also been investigated. It can be expected that 
the orientation of the mesa stripe is critical to control the chirality. This is illustrated in 
figure 4.11, showing three mesa lines with three different crystal orientations on the 
surface, where the center one is oriented along the <110> direction and the left and right 
ones with a deviation of minus and plus φ degree ( )o450 << φ , labeled “a” and “b” 
respectively. The two preferred <100> etching directions are indicated by the arrows in 
the figure. Due to the misalignment, these preferred etching directions form different 
angles to the left and right sides of the two mesa stripes (“a” and “b”), as indicated by θ1 
and θ2 in figure 4.11. The larger angle θ2, which is always larger than 45° here, 
determines the helicity angle, i.e. θ=θ2=45º+φ (see figure 4.11). Consequently, it is 
expected that the mesa “a” will lead to a left handed helix and the mesa “b” to a right 
handed one.  
Chapter 4. Controllable fabrication of 3-D micro-/nanostructures 42 
 
Figure 4.11: Illustration of stripes pattern design with different misaligned angles. There are 
two possible preferential etching directions of <100>, which are shown in the figure. One of the 
angles between etching direction and stripe is larger than 45°, and the other is smaller than 45°. 
The stripe scrolls along the direction with θ > 45°. This rule will lead stripe “a” to form a left 
handed helix and stripe “b” a right handed one. When θ = 45°, i.e. stripe oriented to <110>, 
both left and right handed chiralities are possible. 
 
To estimate the driving force for rolling-up of a stripe with a specific chirality, an 
important fact must be noticed: the detaching and the spontaneous releasing of the local 
stress of the SiGe/Si bilayers (or SiGe/Si/Cr film stacks) from the Si substrate is a gradual 
and continuous process with the etching time. Since this is a dynamical process, it is 
necessary to localize the momentary contribution to the bending moment in a narrow area 
near the “etching front”, other than the whole freestanding triangular-shaped piece.   
 
Figure 4.12: The rectangular-shape stripe has φ degree off <110>, oo 450 << φ . In the image, 
φθ += o451 ; φθ −= o452 .  
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To make the discussion easier, a simple drawing is given to illustrate the etching process 
(see figure 4.12) for a rectangular-shaped SiGe/Si bilayer stripe oriented  φ degree off 
[110], assuming that <100> is the maximum etching rate direction on the stripe. The 
general principle of this assumption will be still held for the real situation where the 
maximum etching rate direction is about several degrees off from <100>.  So, two 
etching fronts along <100> would be developed from the corners (A and B) of the stripe 
when the etching process starts. Apparently, the distance from the two corners to the 
respective etching fronts is equal since the etching rate along [010] and [100] is the same 
owing to the same crystallographic nature.  
The successive etching process developed from the corners of a rectangular-shaped stripe 
can be divided into the following steps though it may happen rather quickly in practice. 
Firstly, in a very beginning stage, both the corners of A and B started to be underetched, 
then the two etching fronts ( DH  and DE ) gradually developed from corners A and B and 
met each other at point D as illuminated in figure 4.12a. The local stress of the 
freestanding parts in the triangular-shaped region of the corners tended to be released 
along the preferential rolling-up direction one step by another after they successively 
detached from the substrate, and both the small freestanding parts at the corner A and B 
would be bent up slightly along their most compliant directions of [010] and [100] 
respectively. To calculate the momentary stress for the bending, the successive new 
freestanding part nearby the etching front can be considered approximately as a narrow 
rectangular strip with a length of Δx, as shown with the parallel dashed lines in figure 
4.12a. In this case, the force (per unit length) F along the edges of a rectangular-shaped 
film (here it is along the two <100> to bend) can be estimated, according to Tsui and 
Clyne [41], as follows: 
[ ] [ ] ⎟⎟⎠
⎞
⎜⎜⎝
⎛
+= SiGeSi
Si
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21
100100 δ   (4.3) 
and [ ] [ ] ⎟⎟⎠
⎞
⎜⎜⎝
⎛
+= SiGeSi
Si
EhEh
Ehh
DHF
12
21
010010 δ ,  (4.4) 
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where δ is the stress in SiGe layer due to the lattice mismatch of the SiGe layer to the Si 
layer, E is the Young’s modulus, h1 and h2 are the thicknesses of the SiGe and Si layer, 
respectively. Obviously, in this stage, F[010] =F[100], which implies that the scrolling 
direction or the chirality of the stripe is not decided yet at this moment.  
However, the magnitude of F[100] and F[010] along the two possible preferred scrolling 
orientations [100] and [010] is going to change soon after the further underetching as the 
[010] line developed from corner A intersects the stripe reaching its maximum value, i.e. 
AG  (see figure 4.12a). In this stage, the etching fronts move from HDE to IFG. 
Furthermore, the [100] line will intersect the stripe with an increasing value until it 
reaches BM  as shown in figure 4.12b. By applying the same method to estimate the force 
as demonstrated above, F[010] will finally becomes larger than F[100] in each etching step 
in this stage since F[010] is increasing while F[100] kept constant, as we can see C’I’>CI 
while A’G’=AG in figure 4.12b. Because the bending moment is proportional to the force 
[41]: 
⎟⎟⎠
⎞⎜⎜⎝
⎛ +=
2
21 hhFM   (4.5) 
The larger force generated the larger bending moment in the corresponding bending 
direction, thus finally determines the scrolling direction of the stripe. Once the scrolling 
towards a certain direction started, it would be continued to the end of the stripe because 
the difference between two forces keeps constant. Therefore, the freestanding part of the 
stripe will be coiled along [010] in this case and a right-handed microcoil formed 
eventually.  
Furthermore, the chirality of the helices is affected not only by the orientation of mesa 
stripes but also by the shape of mesa’s tip at the end of mesa stripe, which is illustrated in 
figure 4.13. Figure 4.13a-c show the mesa designs in black and white schematics and the 
corresponding SEM images for mesa stripes oriented along θ = 45°, 50°, and 55°, 
respectively. For each orientation different shapes of the end tip of mesa stripes have 
been chosen. These different pattern designs permit the control of the chirality of the 
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helix, which is clearly visible in the SEM images presented in figure 4.13a-c. For instance, 
the symmetric, rectangular shape of the tip of the stripe with θ = 45° leads to a random 
chirality (see figure 4.13a, stripes of the top row). However, if the end has a triangular 
shape with a cutting direction of the tip along <100>, the initial rolling direction on the 
tip is pre-determined and the chirality of the helix is given.  
 
Figure 4.13a: All of the stripes have θ = 45° those of the top row have rectangular tip and 
formed random chirality; whereas the stripes of the bottom row were cut on the tip along <100> 
direction instead of <110>, and all formed the right handed chirality exclusively. The width of 
stripe is 1 μm.  
 
 
 
 
 
 
 
 
Figure 4.13b: All tips of the stripes were cut 
along <100>. The stripes of the top row have 
θ = 55°. The stripes of the bottom row have θ 
= 50° all of them with a width of 2 μm. The 
chiralities formed from the stripes with θ = 
50° are modified by the shape of the tips, but 
stripes with θ = 55° are not modified.  
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Figure 4.13c: SEM images of stripes with different types of tips, showing that even though the 
chralities of the stripes are modified, the influence of this modification is limited. θ = 50°. The 
width of the stripes is 1 μm. 
 
However, the shape of the tip has less impact on the chirality if the stripes are misaligned 
with respect to the <110> direction. For θ = 55°, i.e. a misalignment of 10°, the chirality 
is independent of the shape of the tip and completely determined by the direction of the 
mesa stripe (see figure 4.13b, top row). Here the asymmetric underetching on the side of 
the mesa lines is fast, eliminating the effect of the shape of the mesa tip. For θ =50° (see 
figure 4.13b, bottom row) the underetching on the sides becomes much slower. Thus 
even though the bottom and top lines were processed together, the top ones are 
completely freed from the substrate whereas for the bottom ones the etching has barely 
started. Here, at least the starting of the scrolling process depends on the orientation of 
facets developing at the tip, thus the shape of the tip determines the chirality at the 
beginning of the etching. However, in the process of etching again the asymmetry of the 
sidewall underetching of the mesa line becomes the dominant process, which might 
change the initial chirality as it is shown in figure 4.13c. 
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4.1.2.2 Both ends fixed microcoils 
To produce freestanding SiGe/Si helices with their two ends fixed on substrate, V-shaped 
mesas were scrolled. This design leads to helices with two arms of opposite chirality [69], 
and also makes this type of helix mechanically stronger than the helix with only one end 
fixed, allowing us to synthesize longer helices. This design also allows us to fabricate 
source and drain contacts to such a structure to produce bio-chemical sensors similar to 
those using Si nanowires [66]. In contrast to the helix with one end fixed, whose helical 
angle is always larger than 45° as mentioned in the previous section, a helix with both 
ends fixed does not have such a limitation. Because the rolling direction of the two stripe 
parts is fixed to only one <100> direction as indicated by an arrow in the inset of figure 
4.14a. It means that the two helical parts with opposite chiralities in the helix can have 
helical angles even smaller than 45°, which increases the freedom of design.  
 
Figure 4.14: (a) SEM image of a typical helical structure (diameter of 1.4 μm) with the both ends 
fixed on the substrate, showing that the upper and below parts of the helix have opposite 
chiraities. The inset shows the mesa design and the rolling direction of the helix as indicated with 
a white arrow. (b) A helix with diameter of 1.7 μm and structured of Si0.5Ge0.5/Si/Cr (3.5/4.5/15 
nm). The width of the stripe is 2 μm. (c) An unsymmetrical helical structure showing different 
pitches in the two parts of the helix, resulted from the different misalignment angles (47° and 39°) 
between the two parts as indicated. 
 
The Cr layer was etched away in a mixture of ceric ammonia nitride (CAN) and acetic 
acid after the SiGe/Si/Cr microcoil was formed. To prove that the Cr layer has been 
removed by the Cr-etchant, both planar and 3D samples have been investigated by EDX 
(Energy Dispersive X-ray). To increase the sensitivity detecting the residual Cr on the 
surface, all the samples were tilted at a large angle (close to the grazing angle) giving the 
incident beam a longer path near the surface. No Cr and predominantly Si, Ge, and some 
oxygen have been detected by EDX.  
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Figure 4.14a shows a typical SiGe/Si helix with a diameter of about 1.4 μm fabricated in 
this way, which has an 8 nm thick Si0.6Ge0.4 and a 10 nm thick Si layer. The structural 
parameters of the fabricated helices, which are fixed on both sides, match well to the 
theoretical predictions (Eq. 4.1 and 4.2). An additional example of a helix fixed on both 
sides with the Cr still on the top is shown in the SEM image in figure 4.14b. Note that no 
supercritical point drying was applied and the as-fabricated helix is very straight with 
uniform pitches and helictiy angles. The helices shown in figure 4.14 a-b are fabricated 
from V-shaped mesa structures, whose two arms are symmetric to the <100> direction of 
the substrate. This design leads to helices with a left- and a right-handed arms having the 
same pitch and helicity angle. This structure makes them applicable as micro- or nano-
capacitors in modern micro-electronic systems, because the net inductance is neutralized 
by the opposite chiralities of the two parts of the helix. Based on this structure, an 
asymmetrical structure can also be formed, if the misalignment angles of the two parts of 
the stripe are different in the design pattern. This design leads to a helix with arms of 
opposite chirality and a pronounced difference in the pitch, easily visible in figure 4.14c. 
The diameter of the helix is about 1.8 μm, which consists of two parts with different 
pitches of about 4.1 μm and 5.4 μm approximately. To obtain this unsymmetrical helix, 
the two arms of the V shaped mesa stripes were designed having a same width (1.5 μm), 
but different misaligned angles of 39° and 47° to the <100> etching direction, as 
indicated in figure 4.14c. By using this technique a helix with defined inductance can be 
produced, if one part of the structure is a helix whereas the other part is designed to form 
a tube-like structure, due to a misalignment angle θ close to 0°. Therefore, both micro-
capacitors and inductors can be obtained using the helices fabricated by this controllable 
method. 
4.1.2.3 Conclusions 
We have developed the technology for fabrication of helical micro-structures with the 
stripe width not smaller than 1 μm. Reproducible fabrication allowed us to study in detail 
the design parameters which determine the shape and chirality of the structures. The 
results unambiguously show that the preferred rolling direction for strained SiGe/Si and 
SiGe/Si/Cr strained films is determined by the Young’s modulus to be the (100) direction 
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on a (001) oriented substrate. Comparison with simple models reveals that the pitch and 
the helicity angle of one end fixed helix can be quantitatively controlled by the starting 
2D mesa design. The chirality of the helix can be locally modified by tailoring its tip. 
Freestanding helices with both ends fixed to the substrate were also successfully 
fabricated, which can have either symmetric or asymmetric helicity angles. The method 
was used to produce semiconductor SiGe/Si as well as hybrid semiconductor-metal 
SiGe/Si/Cr helical structures.   
4.2 Scrolling behaviors of nanostructures 
In order to fabricate delicate nanodevices for NEMS, the dimensions of the designed 
mesa structures for the formation of 3D shells have to be reduced from the micrometer to 
nanometer scale. In this part, a variety of novel 3D nanostructures such as vertical rings, 
freestanding nanohelices, multiwall nanorings and nanospirals have been successfully 
fabricated from the strained SiGe/Si, SiGe/Si/Cr and Si/Cr films with a width of the mesa 
lines in nanometer scale. The mechanism behind the formation of these nanostructures 
has been shown to be intriguing due to the great increase of edges with narrowing of the 
stripe width. A new fundamental phenomenon, referred as “anomalous coiling” of the 
strained films arising from the stress relaxation at edges, is particularly noticed and 
exclusively investigated as the films stripe width becomes below 1 μm.  
4.2.1 Fabrication of vertical rings 
The rings lying on a substrate surface, i.e. with their rotational axis vertical to the 
substrate surface, are called here as “vertical rings” [25, 26]. The vertical rings with their 
belt width of 300 nm were fabricated from SiGe/Si bilayers and SiGe/Si/Cr stacked films, 
by forcing the rings to tip over using ‘‘T’’-shaped mesa structures on a Si (100) surface 
as illustrated in figure 4.15a. The asymmetry of the mesa leads to a two-step scrolling 
process during the etching: firstly, the narrow stripes are scrolled along [001] or [00-1] 
direction and form upright standing rings; in the second step these rings are underetched 
from one side, i.e. along [010] in figure 4.15, causing the rings to tip over and forming 
the vertical rings. The vertical rings in our experiment have a diameter of about 2.5 μm 
and 1.5 μm for SiGe/Si/Cr and SiGe/Si respectively as shown in figure 4.15b-e. The 
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width of the rings, i.e. the height of the vertical rings, is lithographically defined by the 
design of the mesa to a width of 300 nm. The SiGe/Si/Cr vertical rings depicted in figure 
4.15b and figure 4.15d have a wall thickness of the 23 nm, (SiGe/Si/Cr=3.5/4.5/15 nm), 
thus the vertical walls have an aspect ratio of 13. The Cr top layer can be removed easily 
by RIE. In this case, the aspect ratio increases to 37.5 and the radius of the rings 
decreases to 1.5 μm. In contrast to (100) substrates, Si (111) substrates have almost 
isotropic Young’s modulus [64] and high symmetry of the crystal orientation in the 
surface plane. This feature allows forming vertical rings from narrow mesa lines oriented 
in various directions on the surface (see figure 4.16). The vertical rings, depicted in figure 
4.16, are fabricated from SiGe/Si/Cr (3/4/13 nm) layer stacks resulting in an aspect ratio 
of 15.  
 
Figure 4.15: (a) Illustration of the “T”-shape mesa design which was used to obtain vertical 
rings on a S(100) surface. The black part shows the area in which the SiGe/Si bilayer is removed 
by RIE. (b) SEM top-view image of the SiGe/Si/Cr vertical ring with about half turn. (c) SEM 
top-view image of the SiGe/Si vertical ring with about one turn. (d) Side-view image of the same 
sample as shown in (b). (e) Side-view image of the same sample as shown in (c). The sample 
holder was tilted 70° to horizontal position to take the side-view images. 
 
This technology is an elegant way to produce nanostructures with a high aspect ratio. The 
metal-coated vertical walls are of large mechanical strength and have smooth sidewalls, 
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which makes them suitable to be used as masters containing nano-structures for nano-
imprinting technology.  
 
 
Figure 4.16: SEM top-view image showing an 
array of vertical ring structures on a Si(111) 
surface. (b) The initial ‘‘T’’ shape mesa 
pattern used to fabricate the vertical 
structure. The black arrows indicate the 
scrolling directions of the hetero-films. 
4.2.2 Compact nanohelices 
 
In the previous section (4.1.2), we showed that for mesa lines oriented away from the 
<100> direction, the helicity angle of these microcoils cannot be smaller than 45º. For 
applications of the helices in nanoelectromagnets, nanoinductors or nanosprings, it would 
be desirable if the helicity angle could be reduced sufficiently to allow for a significant 
increase of the magnetic flux density [70] or the flexibility. In this section, the formation 
of helical nano-structures from mesa lines of the width less than 1 μm is investigated. 
Reducing the width of the mesa lines increases the impact of edge effects on the scrolling 
process, which may offer a new path to overcome the restrictions on the geometry of the 
as-fabricated structure for bulk mesa stripes. Therefore, it is necessary to study in detail 
the impact of edge effects on chirality, scrolling direction, and diameter of SiGe/Si and 
SiGe/Si/Cr helical nanobelts. In the fabrication of SiGe/Si/Cr and SiGe/Si helices, the 
initial planar SiGe/Si/Cr tri-layer structure contains an 11 nm thick SiGe layer with 
approximately 40% Ge, an 8 nm thick Si layer and a 10 or 21 nm thick Cr layer. All 
stripes deviated by 5° or 10° from the <110> direction. The widths of the stripes were 
varied from 1.30 μm to 0.30 μm in steps of 100 nm. To fabricate the SiGe/Si stripe 
pattern, the Cr layer on SiGe/Si/Cr stripe was removed by RIE etching process prior to 
wet etching.  
In addition, the dependence of the curvature radius on the stripe width of Si/Cr bilayers is 
also investigated symmetrically. In the experiment, a 10 or 35 nm thick Si layer with a 10 
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nm thick Cr on the top is used. The width of Si/Cr stripes is decreased from 3.0 μm to 
100 nm, and the stripes are patterned with 3° or 5° off from <110>. All of the samples 
discussed in section 4.2.2 were dried in a supercritical point dryer to get rid of the impact 
of the surface tension on the as-fabricated structures during the drying process. 
4.2.2.1 SiGe/Si/Cr, SiGe/Si and Si/Cr nanohelices: anomalous coiling  
Figure 4.17a-g show SEM images of SiGe/Si/Cr helical nanobelts fabricated from mesa 
lines with the stripe width ranging from 1.3 μm (see figure 4.17a) to 0.7 μm (see figure 
4.17g). All mesa lines are oriented +10° from the [110] direction as indicated in figure 
4.17a. The helical coils produced from relatively wide stripes (1.30 μm and 1.20 μm), 
show a right-handed chirality (figure 4.17a-b), which is consistent with the results of the 
previously reported microcoils (see section 4.1.2). Here, this type of helical coil is named 
as “α-helix”. Reducing the stripe width to 1.1 and 1.0 μm, both left- and right-handed 
chiralities occur in a single helix as depicted in figure 4.17c and 4.17d, respectively. This 
type of slightly disordered helical coil is named as “β-helix” in this thesis. The position 
on the coil where the chirality of the helix changes is near the free end of the coil in 
figure 4.17c, whereas the chirality changes close to the fixed end of the stripe for the 
helix with a smaller width (see figure 4.17d). Also, the shape of the β-helix is often 
irregular, sometimes appearing disordered due to the competition of two chiralities. The 
width of the mesa lines is further reduced to 0.9, 0.8 and 0.7 μm in figure 4.17e, f and g, 
respectively. The helices formed from 0.9 and 0.8 μm wide mesa lines possess a left-
handed chirality, which is the opposite chirality of those formed from wider mesa lines of 
the same orientation. This kind of helix is defined as a “γ-helix”. Thus, three different 
regimes can be defined, broad mesa lines leading to right-handed helices, narrow lines 
resulting in left-handed helices and a transition regime with disordered helices exhibiting 
both chiralities. A reverse orientation of mesa lines of -10° leads to opposite chiralities.  
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Figure 4.17: SEM top view images of Si0.6Ge0.4/Si/Cr helical coils with layer thickness of 11/8/21 
nm, except for the one in the inset of (h) which is without a Cr layer. The <110> orientation on 
the substrate is shown in (a) by black arrows. In (a)-(g) all stripes deviate 10° from the <110> 
direction, and the width of the stripes decreases stepwise from 1.30 μm to 0.70 μm with steps of 
100 nm. Both nanobelts in (h) deviate 5° from <110>. All images have the same scale bar. 
 
Moreover, not only the chirality, but also the pitch and helicity angle change when the 
stripe width becomes smaller. Comparing the two “γ-helices” shown in figure 4.17e and 
4.17f, one can clearly observe in figure 4.17f that the pitch and helical angle is smaller for 
the helix fabricated from the narrow mesa line (0.9 μm). Moreover when the mesa line is 
reduced to 0.7 μm, the helical structure collapses into a multi-turned ring structure, as 
depicted in figure 4.17g. Here, both the helicity angle and the pitch go to zero. 
Consequently, by adjusting the stripe width for a given strained SiGe/Si/Cr layer stack it 
is possible to control the pitch of the helical nanobelts. In particular, more tightly wound 
nano-coils can be designed and fabricated. 
To study the impact of the Cr layer, SiGe/Si helices were fabricated from the same 
sample (SiGe/Si/Cr) using the same mask layout. After the mesa structures were 
fabricated, the Cr layer was removed by an RIE step, and subsequently, scrolling was 
initiated by wet chemical etching of the substrate. Interestingly, all of these stripes with a 
width in the range of 0.7 to 1.3 μm transformed into α-helices. Figure 4.17h compares the 
result of a scrolling experiment using 0.7 μm wide mesa lines for a SiGe/Si/Cr layer stack 
and a SiGe/Si bilayer (inset of figure 4.17h). Here the misalignment angle was +5°. 
Strikingly, the SiGe/Si/Cr layers scroll into a multi-walled ring, whereas the SiGe/Si 
bilayer forms a right-handed helix. Therefore, to further reveal the effect of stripe width 
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on the formation of SiGe/Si/Cr helical nanobelts, it is necessary to investigate the 
influence of the Cr layer on the scrolling behavior. 
 
 
Figure 4.18: SEM image of 3-D 
structures formed from a bilayer of p-
type mono-crystalline Si coated by 
amorphous Cr, which was applied to 
investigate the influence of the Cr layer 
on scrolling behavior of hybrid 
nanostructure. The “ring-like” structure 
is formed after selective etching of the 
undoped Si substrate underneath.  
 
 
 
For further investigation of the scrolling behaviour of Cr coating on boron doped Si films, 
stripes of a Si/Cr bilayer with 35 nm/10 nm thickness have been patterned into a wagon 
wheel pattern [65], consisting of tapered mesa lines with a width of 1.4 μm in the outer 
most region and 60 nm close to the centre of the wheel. Figure 4.18 shows an SEM image 
of the rolled-up Si/Cr stripes obtained from the wagon wheel pattern. Clearly, without 
exception all these stripes are coiled in the direction along the longitudinal axis of stripes. 
Comparing the experiments done with SiGe/Si/Cr, SiGe/Si and Si/Cr, possibly indicates 
that the Cr layer is responsible for the change in the helicity angle and the pitch observed 
in figure 4.17. The strained polycrystalline or amorphous Cr layer can be assumed to be 
an isotropic material, thus inducing no preferential scrolling direction. However, the 
underlying Si layer is stretched by the scrolling process. This Si layer has an anisotropic 
Young’s modulus, which should effect the preferred scrolling direction. However, 
experimental observation for thin lines demonstrates an additional effect which 
apparently overrides the effect of the anisotropic Young’s modulus.  
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Figure 4.19: SEM images of Si0.6Ge0.4/Si (11/8 nm) helical nanobelts with the same deviation of 
5° from <110>, and the stripe width in (a) to (d) is 1.30 μm, 1.20 μm, 0.40 μm and 0.30 μm, 
respectively. All the images have the same magnification. 
 
In addition, it has been observed that for thinner Cr layers, the stripe width necessary to 
switch the helicity of the SiGe/Si/Cr coil from α to β and γ types is reduced. For the 
bilayers without Cr layer, e.g. Si0.6Ge0.4/Si bilayer structures, the α types have been kept 
until the mesa width is reduced to 700 nm (figure 4.19a-b). It implies that a further 
reduction of the width is required to observe the helicity changing of the Si0.6Ge0.4/Si 
bilayer structures. Consequently, the width of the mesa lines of the Si0.6Ge0.4/Si bilayers 
was decreased again from 700 nm to 300 nm. The misaligned angle of all stripes is 5° 
from <110>. The experiment results show that the helices formed by the 400 and 300 nm 
wide lines are γ type and exhibited a significant decrease in pitch (figure 4.19c-d), 
indicating a pronounced deviation from the <100> scrolling direction determined by the 
Young’s modulus. This phenomenon is also observed for Si/Cr bilayer stripes as 
presented in figure 4.20, clearly showing that the scrolling direction changes with the 
decrease of the stripe width. Thus, it is expected that there is a fundamental effect which 
significantly impacts the scrolling behavior of SiGe/Si/Cr, SiGe/Si and Si/Cr stripes when 
the stripe width becomes sufficiently narrow. 
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Figure 4.20: (a) SEM image of Si/Cr (35/10 nm) 3D structures, showing the helicity changing 
with the decrease of the stripe width. The width of the six stripes from left to right is 0.5 μm, 1.0 
μm, 1.5 μm, 2.0 μm, 2.5 μm and 3.0 μm. The stripes are aligned 3° deviated from the <110>. (b) 
SEM image of a Si/Cr (35/10 nm) nanoring. The stripe width is 400 nm and the stripe is 5 degree 
off from <110>. 
 
The experimental observations for SiGe/Si bilayers and SiGe/Si/Cr film stacks are 
summarized in figure 4.21, showing the dependence of the diameter and the helicity angle 
on the width of the mesa lines, respectively. Figure 4.21a-b compared the diameter of 
SiGe/Si/Cr helices having 21 nm and 10 nm thick Cr layers to that of SiGe/Si helices 
formed from the mesa lines oriented 5° (see figure 4.21a) and 10° (see figure 4.21b) off 
from the [110] direction. The diameter d (d=2R) of the SiGe/Si helix can be calculated by 
Eq. (2.20). When the coiling direction deviates from <100> to the strip orientation <hk0>, 
the Poisson’s ratio of the Si layer decreases [43], leading to an increase in diameter. 
However, since 27.007.0 ≤≤ Siν  on Si(001), the increase in diameter should be bounded 
by the limits of the Poisson’s ratio. The broken horizontal lines in figure 4.21a-b indicate 
the maximum ( )><110ν  and minimum ( )><100ν values of the calculated diameter when these 
extremes of the Poisson’s ratio and corresponding Young’s modulus are used. Figure 
4.21 demonstrates that α-helices formed by wide mesa lines of the SiGe/Si bilayers are 
close to the predictions for scrolling along the <100> direction. Also, in the transition 
regime of β helical nanobelts the diameter is within the limitations given by the Poisson’s 
ratio. However, when the γ type helical nanobelts appear, the diameter increases 
dramatically and the diameter of helices formed from narrow mesa lines deviates 
significantly from the model.  
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Figure 4.21: Statistical curves showing the relationship between the stripe width and the 
diameter d for Si0.6Ge0.4/Si and Si0.6Ge0.4/Si/Cr nanocoils. (a) Stripes deviate 5° from <110>. (b) 
Stripes deviate 10º from <110>.  Dashed lines give the calculated diameter of helical nanobelts 
which scroll along the <100> and <110> directions. (c-d) The relationship of the stripe width 
and the helicity angle (θ) for Si0.6Ge0.4/Si and Si0.6Ge0.4/Si/Cr nanocoils. (c) Stripes deviate 5° 
from <110>. (d) Stripes deviate 10º from <110>. Dashed lines represent the β-helix region, 
which has a mixed chirality and irregular helicity. 
 
Figure 4.21c-d give the relationship between the measured helicity angle θ and the stripe 
width for the same helices previously discussed in the context of figure 4.21a-b. Due to 
the preferred scrolling direction along the <100> direction in combination with the 
anisotropic etching, the helicity angles of stripes with a misaligned angle of 5° (see figure 
4.21c) or 10° (see figure 4.21d) from <110> should produce coils with helicity angles of 
50° and 55°, respectively. Within the experimental error of the SEM measurements this is 
confirmed by the α-helices. However, the experimental results for β and γ type helices 
clearly deviate from this prediction. It is evident from figure 4.21c-d that deviation 
increases with decreasing stripe width and increasing Cr layer thickness. Furthermore, 
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once the γ type helix appears, the helicity angle linearly decreases until rings form from 
very narrow mesa lines.  
The experimental result of the dependence of the curvature radius on Si/Cr stripe width 
with different bilayer thickness is shown in figure 4.22. Similarly to the SiGe/Si/Cr and 
SiGe/Si samples shown in figure 4.21a-b, the reversion of the chirality and increase of the 
curvature radius with the reduced stripe width were also observed. However, after the 
radius reaches the maximum, the curvature radius decreases almost linearly with the 
reduction of the stripe width (see figure 4.22), which was not observed in SiGe/Si/Cr and 
SiGe/Si samples. The reversion of chirality and the increasing of diameter/radius with the 
reduced SiGe/Si/Cr, SiGe/Si and Si/Cr stripe width are attributed to the stress relaxation 
at the edge of narrow mesa line. A systematic analysis of this effect will be given in the 
following content of the section. The opposite trend of radius changing with the 
decreasing of the stripe width observed on Si/Cr stripe is mainly attributed to the 
unexpected narrowing of the Si layer in Si/Cr bilayer stripe by etching, which will be 
discussed in section 4.2.3. 
 
Figure 4.22: Dependence of curvature radius of 3D nanostructures on Si/Cr mesa stripe widths. 
The stripe width reduced from 3.0 μm to 100 nm. (a) Results obtained from Si/Cr bilayer 
thickness of 10/10 nm, respectively. (b) Results obtained from Si/Cr bilayer thickness of 35/10 
nm, respectively. The horizontal solid lines and dashed lines indicate the calculated curvature 
radius obtained from the equation (2.20) and equation (2.6), respectively. 
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4.2.2.2 Finite element analysis of the stress relaxation in narrow mesa lines 
It is predicted that at the edges, part of the stress incorporated in the mesa line [71, 72] 
will relax and, thus, decrease the strain ε. The stress relaxation at the stripe edges is 
assumed to be more pronounced when the width of the stripe is reduced to nanometer 
scale and responsible for the observed anomalous coiling of the mesa lines. Finite 
element method (FEM) simulations (ABAQUS) were used to validate this prediction. For 
the simulation, a 300 nm wide and 1000 nm long SiGe/Si bilayer stripe with an 8 nm 
thick Si layer and an 11 nm SiGe layer with 40% Ge concentration was used. As the 
length should have no influence on the strain (if the length is long compared to the width), 
the simulation was not done with lengths of 100 μm in favor of having many small and 
accurate finite elements.  
For orthotropic crystal systems ABAQUS uses engineering constants for the elastic 
properties of the materials (Young’s moduli, Poisson ratios, shear moduli). These 
constants are related to the three mutually orthogonal axes, i.e. X, Y, Z, shown in figure 
4.23a. The SiGe/Si bilayer was oriented based on the orientation of X=(1-10), Y=(110) 
and Z=(001) main axes. The values of the Young’s moduli, Poisson ratios and shear 
moduli related to this main axes system were taken from ref. [43] and shown in table 4.4. 
The simulation was done also for 5 degree deviation of this orientation. 
The mesh in the simulation was defined as follows: 10 units along Z axis, 42 units along 
the X axis and 100 units along the Y axis, thus there are 42000 finite elements in a 300 nm 
wide, 1000 nm long and 19 nm thick stripe totally. According to the FEM simulations, 
the displacement of the nodes of the finite elements increases linearly with the distance 
from the center line of the stripe. For instance, the lattice displacement in the X-direction 
at the edges of the SiGe stripe is about 1.24 nm at each side of the stripe as shown in 
figure 4.23. Thus, the FEM simulations show that the stress in the SiGe layer is partially 
relaxed along the width direction of the stripe, i.e. X-direction. Moreover, our FEM also 
show that (see figure 4.24) when the stress is transversely relaxed at the edge of the stripe, 
it has biaxial bending at the edge of the stripe and forms a gutter-like structure instead of 
a flat cantilever. In other words, cylindrical scrolling (uniaxial bending condition) will 
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only exist in the region close to the longitudinal centerline of the stripe and this region 
will decrease as the stripe width reduced. The simulation for stripe with 5 degree off from 
the <110> shows very similar results. 
Table 4.4: The materials properties for Si and SiGe layer using X=(1-10), Y=(110) and Z=(001) 
as the main axes. 
Young’s modulus (GPa) 
Ey=E(110)=170  Ez=E(001)=130  Ex=E(1-10)=170  
Poisson ratio 
νyz=ν(110), (001)=0.36 νyx=ν(110), (1-10)=0.36 νzx=ν(001), (1-10)=0.28 
Shear modulus (GPa) 
Si-
layer 
Gyz=G(110), (001)=80  Gyx=G(110), (1-10)=51  Gzx=G(001), (1-10)=80 
Young’s modulus (GPa) 
Ey=E(110)=139 Ez=E(001)=103 Ex=E(1-10)=139 
Poisson ratio 
νyz=ν(110), (001)=0.36 νyx=ν(110), (001)=0.03 νzx=ν(001), (1-10)=0.27 
Shear modulus (GPa) 
SiGe-
layer 
Gyz=G(110), (001)=68 Gyx=G(110), (1-10)=41 Gzx=G(001), (1-10)=68 
 
 
Figure 4.23: (a) Displacement contour plot of the FEM of the SiGe/Si bilayer stripe along the 
direction X=(1-10). The SiGe/Si bilayer stripe has a thickness of 19 nm (8nm Si/ 11nm SiGe), a 
width of 300 nm, a length of 1μm and is aligned to <110>. In the simulation, the top layer is the 
SiGe layer for the easy inspection. (b) Line plot of the displacement in the X-direction of the FEM 
nodes from the stripe front top edge. 
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Figure 4.24: FEM simulation of the bending 
state of a SiGe/Si bilayer stripe, in which the 
stripe is not only bending along the Y axis, but 
also along its short axis slightly, i.e. X  axis 
 
 
 
4.2.2.3 Mechanism of chirality reversion 
The strain condition in the helical nanobelts is quite complex. The scrolling process 
relaxes the strain only in the direction of scrolling where it does not affect the strain in the 
perpendicular direction. The FEM simulations in the last section show that at the edges 
the strain will partially relax in the direction perpendicular to the longitudinal axis of the 
mesa. This relaxation process does not depend on the width of the mesa line used for the 
helix fabrication. However, the ratio between strained and relaxed material will decrease 
with decreasing of the stripe width. It appears obvious that the stress relaxation leads to 
diameter increasing of helical nanobelts with width decreasing of the stripes (see figure 
4.21a-b), however, an explanation of chirality change still requires a more detailed 
discussion of the phenomena related to the stress relaxation. 
In the case of microcoils, whose edge effects can be neglected due to the relative large 
width in a micrometer scale, one can get F[010]>F[100] if the stripe is φ degree off from 
<110> as defined (also for F[010] and F[100]) in figure 4.25a because of the magnitude of 
F[010] and F[100] is proportional to the length of  b1 and b2, respectively (see eq. 2.3 and eq. 
4.3-4). When the stripe becomes narrower, the difference in absolute values between b1 
and b2 becomes smaller, thus the difference for the forces F[010] and F[100] becomes 
smaller as well. However, the reversion of the scrolling direction (chirality) to form a γ 
type helix still requires a driving force along a direction other than the original [100] 
along which the conventional microcoils scroll. This force is then found arising from the 
perpendicular stress relaxation at the two edges of the stripe in a nanometer scale. As the 
FEM analyses showed, the crystalline structure near the edge tends to be relaxed in the 
direction perpendicular to the mesa line since the atoms at the rim can move outward, 
Chapter 4. Controllable fabrication of 3-D micro-/nanostructures 62 
whereas little or no relaxation will occur along the longitudinal direction of the mesa line. 
Consequently, this asymmetrical relaxation induces a force F[hk0], which is directed along 
the mesa line, as shown in figure 4.25b. The force F[hk0] can be decomposed into 
components of F’[010] and F’[100] as illustrated in figure 4.25b. Notably, for the same 
orientation angle φ of the mesa line as shown in figure 4.25a and in figure 4.25b, force 
F[010] is larger than F[100], whereas F’[010] is smaller than F’[100]. The difference between 
F’[010] and F’[100] is independent of the mesa line widths, whereas the difference of F[010] 
and F[100] decreases with the width of the mesa line. Thus, it is proposed that the change 
in chirality occurs when 
│F[010] – F[100] │ < │F’[010] – F’[100] │                         (4.6)                      
Furthermore, adding a strained isotropic film, such as the Cr film, will increase the effect 
of F[hk0] [72], leading a more pronounced change of the helicity, which is in a perfect 
agreement with the experimental observations. It is reasonable to expect that the change 
in chirality could occur even for a relatively wide mesa if a relatively thick Cr layer is 
incorporated in the layer stack (see figure 4.21a-b).  
 
Figure 4.25: A schematic drawing for 
the explanation of the change of the 
chirality. The SiGe/Si stripe has φ  
degree off from [110]. (a) The lengths b1 
and b2 are the lengths of the lines that 
intersect the mesa line along the [100] 
and the [010], respectively. (b) F[hk0], 
which is induced by asymmetrical stress 
relaxation, can be decomposed into 
F’[010] and F’[100], and F’[010] < F’[100]. 
 
 
By using this model, the dramatic reducing of the pitch (figure.4.17e and f) and the 
helicity angle (see figure 4.21c-d) of a nanocoil is also explained. The pitch decreases, i.e. 
the helicity angle decreases with decreasing mesa line widths. If the SiGe/Si/Cr or 
SiGe/Si stripe width becomes narrow enough, the scrolling direction is near the stripe 
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longitudinal axis [hk0] instead of the <100> direction.  Due to the relaxation of strain 
perpendicular to the mesa line orientation, the material at the edges of the mesa line can 
be considered as harboring predominantly uniaxial strain along the mesa line. This 
uniaxial strain component will induce the force F[hk0], i.e. a moment for scrolling in the 
direction parallel to the mesa line. Consequently, in the mesa lines used for the 
fabrication of helical nanobelts, a biaxial strain condition in the center of the mesa line 
and a uniaxial strain condition at the sides of the mesa line exist. The latter is independent 
of the mesa line width, whereas the former decreases with line width. The area under 
biaxial strain induces a preferred scrolling direction along <100> directions, whereas the 
uniaxial strain at the edges prefers scrolling the stripe in the direction parallel to the mesa 
line. Therefore the final scrolling direction will be determined by the sum of the 
components of forces F<100> along one of the <100> directions and the force F[hk0] along 
the mesa sides. For a narrow stripe this leads to a reduction of the helicity angle, i.e. the 
scrolling direction is shifted from the <100> directions towards the [hk0] orientation of 
the mesa line. The experimental results proved that for very narrow Si/SiGe mesa lines 
(<300nm) F[hk0] will become dominant and the structure scrolls into a multiwall ring 
along the mesa line.  
Based on our results it can be also concluded that when the stripe width is decreased, the 
Cr coated helices will change the nature of helicity (α, β and γ) at a larger stripe width 
than that without Cr. The stress contribution of a Cr film can be considered to be isotropic, 
thus it will not induce a preferred scrolling direction. However, the strained Cr film will 
relax at the edges as well, adding uniaxially strained material at the edges without adding 
a moment in the <100> directions, thus F[hk0] increases whereas F<100> remains the same. 
4.2.2.4 Deviation of curvature radius from the calculation model 
It is shown in figure 4.21 that the radius increases dramatically and that the value of the 
radius of helices deviates significantly from the calculation based on Eq. (2.20) when the 
stripe is narrow enough. Investigation is also performed for Si/Cr bilayers (figure 4.22). 
Based on the rather uniform curvature radius of the α-helices as showed in figure 4.22a, 
the misfit strain ε is estimated according to Eq. (2.20). Here Poisson’s ratio value of the 
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Si layer is used for calculation. The Young’s modulus of Si, Cr and the Poisson’s ratio of 
the Si are given by ESi(100)=130GPa, ECr=377GPa and νSi=0.27 respectively [43]. 
According to figure 4.22a, when R=0.74 μm, h1=h2=10 nm the tensile strain ε of the Cr 
layer on the Si layer is worked out to be 1.5%. By applying Eq. (2.20) and put the strain 
value of 1.5% and the thickness of Si/Cr bilayer with 35/10 nm in the equation, a yield 
radius of the cylindrical coiled structure is 3.8 μm (see the horizontal solid line in figure 
4.22b), which fits the experimental results very well when the stripe width is larger than 2 
μm. Based on Eq. (2.6), the calculated maximum curvature radius of the structure is 
about 0.95 μm and 4.9 μm for the stripes with bilayer thickness of 10/10 nm and 35/10 
nm, respectively (see the horizontal dashed lines in figure 4.22). However, the 
experimental results show that the maximum curvature radius of Si/Cr nanorings is still 
about 40%-60% larger than the prediction. The same phenomena were reported from 
other coiled bilayer mesa line as well [73]. Takagaki et al. reported that the AlN/GaN 
bilayer stripe with 1 μm width has much less mismatch strain (0.99%) than the expected 
value (2.37%) resulted from plastic relaxation of the strain at the interface of the bilayer 
[73]. Thus, we assume that the unexpected extra increasing of the radius is resulted from 
the same reason. However, which factor exactly leads to the plastic relaxation is still not 
clear at the moment. By applying the experimental results of the maximum curvature 
radii from figure 4.26a and figure 4.26b, the misfit strain is reduced from 1.5% to 0.75% 
and 0.85% respectively.  
4.2.3 Si/Cr bilayer nanospirals 
To explain the phenomenon that the diameter is decreased with the reduced stripe width 
in figure 4.22, attention has been paid to the edges of the mesa line again. Careful SEM 
observations reveal that the p-type Si layer is laterally underetched typically 10-20 nm 
more than the Cr layer (see figure 4.26a inset and schematic drawing in figure 4.26b). It 
is presumable that this narrowing occurs because the p-type Si film is attacked during the 
RIE and wet etching processes, whereas the Cr layer maintains the same width. Moreover, 
it has been reported that the tensile stress at a polysilicon-oxide interface can enhance 
spontaneous etching of the poly-Si layer [74]. The tensile stress at a Si/Cr interface may 
induce a similar effect in the Si layer. The observation indicates that the ratio of Si to Cr 
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material does depend on the width of the stripe and changes in the favor of the Cr 
material. We make the narrowing of the Si layer responsible for the change over from the 
Si to the Cr dominated scrolling of the stripes with decreasing stripe width.  
This effect offers the possibility to fabricate planar nanospirals by using tapered mesa 
lines as shown in figure 4.26. It is observed in figure 4.26a that the turning radius 
gradually increases with the width of the mesa stripe. Figure 4.26c presents an SEM 
image of the rolled-up structure by etching a tapered mesa line in longer time, showing 
that when the width of a Si/Cr bilayer stripe is gradually reduced in the direction from the 
fixed end to the tip of the stripe, the freestanding structure is transformed correspondingly 
from α-type helix (left handed) to γ-type helix (right handed), and eventually to an 
nanospiral.  
 
Figure 4.26: (a) SEM images of a freestanding Si/Cr (35/10 nm) spiral nanobelts fabricated 
from a tapered mesa line. Inset visualizes the 15 nm wide Cr overhang at the rim of the Si/Cr 
bilayer. (b) Schematic drawing of the cross section profile of the Si/Cr bilayer spiral. (c) SEM 
image of a 3D structure made from a tapered Si/Cr (10/10 nm) stripe. When the stripe width 
reduces, the structure transformed from a left-handed helix to a right handed helix and finally to 
a spiral. 
 
The force F leading to the bending moment can be expressed by [75]: 
CrSi
CrSi
EhEh
EEhh
bF
21
21
+= ε  (4.7) 
in which ε is the misfit strain, E is the elastic modulus, h gives the layer thickness, and b 
is the width of the stripe along the scrolling direction. According to Eq. (4.7), the rolling-
up force F for a narrow stripe decreases proportionally with reduced stripe width b. The 
bending moment M is given by [41]: 
Chapter 4. Controllable fabrication of 3-D micro-/nanostructures 66 
⎟⎟⎠
⎞⎜⎜⎝
⎛ +=
2
21 hhFM  (4.8) 
The curvature of the stripe κ can be described as [75]: 
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( )CrCrSiSi IEIE
hhF
EI
M
+
+==
2
21κ  (4.9) 
In Eq. (4.9), EI is the stiffness of the stripe for bending, which is proportional to the 
bilayer stripe width b [75]. In the ideal case, the Si and Cr layers should have the same 
width, so the curvature κ is independent of b. However, since the width of the Si layer is 
smaller than that of the Cr layer due to the lateral underetching of the Si at the edges, the 
actual EI is smaller than the ideal value, thus the counter moment for bending decreases. 
Although the relaxation could occur at both edges of Si and Cr layers, it is expected that 
the strain in the freestanding part of the Cr layer would remain in a certain extent, which 
could lead to the curvature κ increase. This effect becomes more pronounced when the 
bilayer width is sufficient narrow. 
4.2.4 Conclusions 
Anomalous scrolling of SiGe/Si, SiGe/Si/Cr and Si/Cr helical nanobelts (β and γ types) 
has been observed. The nature of the helicity of the nanocoils differs from helical micro-
structure (α helix). Two factors dominate the chirality of a helix formed on Si(100): the 
different bending moment between the two <100> directions, and the impact of strain 
relaxation at the sidewalls of the mesa lines. The anomalous coiling of narrow mesa lines 
can be used to tune the chirality, pitch and helical angle for the nanohelices. Adding films 
with an isotropic Young’s modulus such as amorphous or polycrystalline metal can also 
be used to tailor these parameters. Using this technique, helical nanobelts with a helical 
angle of less than 10° can be achieved, which is much smaller than the previously 
reported minimum 45° given by the preferred <100> scrolling direction. The systematic 
investigation of curvature dependence on the stripe width shows that if the stripe width is 
below 1 μm, the diameter of the rolled-up structure is increasing with reduced stripe 
width due to the stress relaxation at the stripe edges. Our above new findings have 
provided more opportunities in design and fabrication of 3D nanostructures for more 
realistic applications.  
Chapter 5  
Conductivity measurements of freestanding SiGe/Si 
microtubes 
5.1 Introduction 
In the previous chapters, we have introduced various three-dimensional (3-D) micro-
/nanostructures, such as micro-/nanotubes, helical nanobelts, nanorings and nanospirals, 
which have been fabricated by rolling of strained semiconductor thin films in a highly 
controllable fashion. In this chapter, the conductivity of the as-fabricated freestanding 
SiGe/Si microtubes heavily doped with boron is examined and also discussed. 
5.2 Experimental method for conductivity measurement 
In the experiments for electrical property investigation, samples of boron doped SiGe/Si 
microtubes were fabricated on n-type Si(100) substrates with high resistivity (10kΩ·cm) 
to minimize the effect of current leakage in the substrate. Metal electrodes with ohmic 
contacts to the tubes were prepared. Three different types of metals, i.e. Al, Cr and Au 
have been considered and tested. Among them, Al is frequently used as an 
interconnection material in Si microelectronics [47], however, it usually has a low 
etching resistance to alkaline solutions such as KOH. Campbell et al. reported that Al 
could have better chemical resistance in ammonia hydroxide water (AHW) solution, 
which is attributed to the formation of a sparingly soluble pyrophyllite-type silicate 
passivation layer to prevent the further attack to the aluminium surface [58]: 
( ) ( ) ( ) OHOSiOHAlOHAlOSiH 2252223522 422 +→+   (5.1) 
In this process, a minimum concentration of Si dissolved in the AHW solution is required 
for the passivation [58]. On the contrary, Cr is chemically much more stable than Al, and 
of low electrical resistivity, while Au has better electrical conductivity than Al but poor 
adhesion to a Si surface. To improve the adhesion, a thin interlayer of Cr (10 nm thick) 
can be alternatively deposited between the Au layer and the Si surface. Our experimental 
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results showed that 300 nm thick Al contacts were unstable and would be etched away 
gradually when the patterned SiGe/Si bilayers were released from the substrate in the 
3.7% AHW solution, whereas Cr and Cr/Au bilayers contacts are very stable. One 
drawback of the Cr/Au contacts is that, during etching process, the sample surface 
becomes very rough; the reason is not clear at the moment. Thus, mainly Cr was used as 
the contact material for the reliability. 
 
Figure 5.1: Fabrication flowchart of a freestanding SiGe/Si microtube with two metal contact 
pads for resistivity measurement. 
 
To prepare a device for conductivity measurement of SiGe/Si microtubes, a two-step 
photolithographic patterning process has been adopted after deposition of the p-type 
SiGe/Si bilayer by UHV-CVD as follows. Firstly, lift-off processes are employed to coat 
metal contacts on the SiGe/Si bilayer (figure 5.1a-d). In detail, photoresist S1813 is spin-
coated on the sample surface and followed by a photolithography, then a 300 nm thick 
metal layer is deposited on the top of the sample. After the sample is rinsed in remover 
solution to dissolve the S1813 together with the coated metal layer above the photoresist, 
patterned contacts on part of the sample surface are obtained. The second 
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photolithography process is used to pattern the SiGe/Si bilayer for tube fabrication. To do 
so, the sample surface was coated with S1813 again, and then the pattern was transferred 
from a photomask to the S1813 layer (figure 5.1 e) by the second lithography. This 
pattern is further transferred to the SiGe/Si bilayer and Si substrate by the followed 
reactive ion etching (RIE) as shown in figure 5.1 (f). Finally, the device for conductivity 
testing of tubes are prepared by wet etching and drying processes as shown in figure 
5.1(g-h). Figure 5.1(i) depicts a pattern design of the SiGe/Si bilayer on a Si substrate. 
Figure 5.1(j) illustrates the configuration of the device, consisting of a freestanding 
SiGe/Si microtube and two contacts.  
A two-probe method is adopted in the following experiments to measure the electrical 
conductivity of the tubes: a variable DC bias is applied to a tube through two probes 
made of stainless steel, which are inserted into the metal contacting pads with ohmic 
contact. Then I-V curve between the two probes is recorded from the applied voltage and 
the measured current passing through the tube. Note that the electrical resistance between 
the probes and the contacts is very small (only several ohms), thus the voltage drop from 
the contacting is negligible. In order to ensure the reproducibility of the experimental data 
the measurement of each I-V curve was conducted for at least two times.  
5.3 Conductivity of individual SiGe/Si microtubes 
 
Figure 5.2: SEM images of a freestanding SiGe/Si microtube for two-probe measurement. In this 
sample, Cr is used as metal contacts. 
 
Figure 5.2 shows SEM images of a typical device: a freestanding microtube connected 
with Cr contacts. Four SiGe/Si microtubes, with the same diameter of about 1.25µm and 
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different total lengths of 90 µm, 100 µm, 110 µm and 120 µm, were used for the testing. 
The thickness of the SiGe and Si layers of the tubes is about 11 nm and 8 nm respectively, 
with 40% Ge in the SiGe layer. The measured I-V curves of these four microtubes are 
presented in figure 5.3, they all show linear relations between the current and the applied 
voltage within a range of -1V to 1V. Thus, the total resistance Rt of each tube can be 
calculated from the slope of the curves in figure 5.3 by applying Ohm’s law, i.e. the ratio 
of the applied voltage and the measured current. The measured resistance Rt between two 
probes is 11.7 kΩ, 14 kΩ, 16 kΩ and 18.5 kΩ, respectively. Since the resistance of the 
metal probes to the Cr contact layers is negligible, the total resistance between the two 
probes is the sum of two components: (1) the total contact resistance 2Rc, and (2) the 
resistance of the SiGe/Si microtube Rtube [76]: 
 tubect RRR += 2  (5.2) 
The linear dependence of the measured current and voltage indicates that the heavily 
doped SiGe/Si bilayers behave like resistors. To calculate the contact resistance Rc, 
transmission line model (TLM) is applied [76]. Apparently, the resistance of tube (Rtube) 
is related to the resistivity (ρ), the spacing between two contacts (Stube) and the cross 
sectional areas A of the tubes, giving the total resistance as: 
A
S
RR tubect ρ+= 2  (5.3) 
Thus, the conductivity of a SiGe/Si microtube, which is the reciprocal value of the 
resistivity (σ=1/ρ), can be calculated. The cross section of the tubes calculated from the 
width (4.0 μm) and thickness (19 nm) of pattered bilayers 
is 210264 106.7109.1104 cmcmA −−− ⋅=⋅⋅⋅= . As an approximation based on the TLM, the 
shortest contact spacing, i.e. Stube=Ls (see figure 5.4a), is first used as a nominal length of 
the tube in the following calculation, assuming all the current flows through the front-
edge of the contact, e.g. point “a” in figure 5.4b. The contact spacing of four individual 
tubes (Stube = Ls, see figure 5.4a) is 60 μm, 70 μm, 84 μm and 94 μm, respectively. Using 
linear fitting, a curve of the total resistance Rt versus the shortest contact spacing (Ls) of 
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the microtubes is drawn in figure 5.5a. According to Eq. (5.2), letting Ls to zero, 2Rc can 
be measured from the intersection of the linear Rt versus Ls curve with the y-axis by 
extrapolation. Thus, 2Rc = 288 Ω is obtained as illustrated in figure 5.5a.  This value is 
about two orders of magnitude smaller than Rt, indicating the nature of ohmic contact 
between the Cr contacts and the highly boron-doped bilayers. Using Eq. (5.2), the 
respective resistivity (ρ) of 1.45 mΩ·cm, 1.49 mΩ·cm, 1.42 mΩ·cm and 1.47 mΩ·cm for 
the four tubes is obtained. Thus, an average resistivity of about 1.46 mΩ·cm, 
corresponding to a conductivity (σ) value of 686 S·cm-1, is worked out for the tubes. As a 
comparison, the contact spacing (Ls) is replaced by the full length (Lt, see figure 5.4a) of 
tubes in the calculation of the conductivity, then lengths of 90 μm, 100 μm, 110 μm and 
120 μm are used for the four tubes respectively in Eq. (5.2). A negative contact resistance 
is resulted as shown in figure 5.5b. The significant difference in the calculated contact 
resistance implies that the calculation of contact resistance Rc based on the TLM is very 
sensitive to values of Stube and Rt. It means that slight deviation in the value of contact 
spacing Stube or of experimentally measured Rt can result in a large error of the calculated 
Rc, especially when Rc is small [76, 77]. Letting the current flow from the left contact to 
the right one as illustrated in figure 5.4, since the metal Cr layer has much lower 
resistivity than the thin Si and SiGe layers, it is expected that the current density Ja 
flowing from front-edge “a” of the contact is much higher than the current density Jb 
flowing from end-edge “b” of the contact (see figure 5.4b). The analysis of two 
dimensional current flow into and out the lateral contacts made by Kennedy and Murley 
has revealed that only a fraction of the total contact length in the front edges was active 
during the transfer of current from the metal to the semiconductor or from the 
semiconductor to the metal due to the current crowding at the front-edges of contacts [76, 
78]. Assuming the contact resistance is zero, this fraction was found to be approximately 
equal to the thickness of the diffused semiconductor sheet [76, 78], i.e. about 19 nm in 
the case of our experiments. Therefore, comparing above two calculated results for Rc, 
the first one (using the shortest contact lengths Ls) is considered to be much closer to the 
real situation. It should be noted that the model (TLM) used here to calculate the contact 
resistance is a simple one-dimensional (1-D) model. In the reality, Rc is related to the 
layout dependent non-uniform current flow pattern [77]. Thus, for more accurate 
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calculation of Rc, using 2-D or 3-D simulation may be required [77] although it is not so 
necessary here for only an approximate evaluation .  
 
Figure 5.3: The measured I-V curves of the four freestanding SiGe/Si tubes with a diameter of 
about 1.25 µm. The four curves, marked with a, b, c and d, are measured from the tubes with a 
total length of 90, 100, 110, and 120 µm respectively. All four tubes show linear feature of the I-
V curves in the voltage range from -1V to 1V. The resistivity of Si substrate is 10 kΩ·cm. At the 
two ends of the freestanding tube, two Cr electrodes are connected. 
 
Theoretically, the conductivity of a p-type semiconductor can be expressed as: 
μσ pq=    (5.4) 
in which p is the doping level of a heavily doped semiconductor, q is the unit of electric 
charging (q=1.6x10-19 C) and μ is the mobility of holes. Before scrolling to form a tube, 
the SiGe/Si bilayer can be considered separately as a rectangular Si sheet and a SiGe 
sheet connected to each other in parallel as shown in figure 5.6. Thus the total resistance 
(RSiGe/Si) of the bilayer can be expressed as a function of resistances of the Si layer (RSi) 
and the SiGe layer (RSiGe): 
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Figure 5.4: Schematic diagram to show the local current density at the contacts. (a) Lt is the total 
length of the tube and Ls means the spacing between two front-edges of the contacts. (b) Ja 
represents the current density at the contact front-point “a”, while Jb represents the current 
density at the contact end-point “b”. The current is assumed flowing from the left contact to the 
right one. 
 
 
 
Figure 5.5: (a) The experimental curve of the total resistance Rt versus the shortest contact 
spacing (Ls) of the microtubes. By extrapolation, contact resistance 2Rc can be obtained when 
Ls=0. (b) The curve of the total resistance Rt versus the total length of microtubes (Lt). 
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By using formula 
A
lR ρ=  and substituting Eq.(5.4) to Eq.(5.5), the conductivity of the 
SiGe/Si bilayers (σSiGe/Si) can be calculated: 
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in which ASi and ASiGe are the cross sectional areas of the Si and SiGe layers respectively, 
l is the length of the bilayer. The doping level (p) and the mobility (μ) of the Si and SiGe 
layers, grown with the same condition as SiGe/Si bilayers, were probed by Hall 
measurement, i.e., 3201003.2 −⋅= cmpSi , 3201057.4 −⋅= cmpSiGe  and 1121.24 −−= sVcmSiμ , 
1123.12 −−= sVcmSiGeμ , and the cross sectional areas ASi and ASiGe are calculated as 
21074 102.3108104 −−−− ⋅=⋅⋅⋅= cmASi and 21064 104.4101.1104 −−−− ⋅=⋅⋅⋅= cmASiGe . 
Substituting these values to Eq. (5.7), a conductivity of 850 S·cm-1 is resulted. The 
experimental result (686 S·cm-1) is about 19% lower than this value. Several reasons may 
lead to the discrepancy of the experimental results from the calculation. Firstly, the value 
of cross sectional area of the tubes for conductivity calculation may be not precise due to 
the oxidation of tube surfaces, especially when the wall thickness of the tube is in 
nanometer scale. Our calculations demonstrated that, for a tube with the wall thickness of 
19 nm, the formation of 1 nm thick oxidation layers in each surface of the tube will cause 
about 11 % reduction of the value of cross sectional area (A), leading to an undervalued 
conductivity. Taking 1 nm thick oxidation layer in the each surface of the tube as an 
example, conductivity value of 767 S·cm-1 instead of 686 S·cm-1 is resulted, which is only  
9.8% deviated from the theoretical estimation. On the other hand, during the wet etching, 
a few monolayers of p-Si layer might be etched away with long etching time. In addition, 
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the accuracy of the contact resistance calculation may also influence the resulted value of 
the conductivity. For instance, the nominal length of the tube for the calculation may be 
underestimated by using the shortest contact spacing (Ls) in the transmission line model, 
resulting in a higher calculated resistivity of the tube. 
 
Figure 5.6: The schematic drawing of rectangular SiGe/Si bilayers which have the same width 
and the thickness to the patterned bilayers for tube conductivity measurement. The bilayers are 
parallel connected to the electrodes. White arrows point out the direction of the current flow. ASi 
and ASiGe are the cross sectional area of the Si layer and the SiGe layer respectively. 
 
It should be pointed out that the measured current is directly used for conductivity 
calculation of the tube, although it is a sum of the currents from two paths: one from the 
freestanding tube, and the other from the leakage passing through the Si substrate. The 
leakage current can be measured in the following way. Firstly, a high bias is applied to 
burn the tube away, then a lower bias as normally used for measuring the I-V curve was 
applied (-1V – 1V) to obtain the value of the leakage current. Figure 5.7 shows a tube 
with a total length of 120 µm was burnt away when the applied bias was higher than 11V, 
and the current dropped suddenly. A very tiny current still existed after the tube was 
burnt, resulting from the leakage passing through the substrate. The observed leakage 
current is three orders of magnitude lower than that passed through the tube, thus can be 
neglected in the I-V curve.  
The electrical stability of the tubes is also probed by applying a constant voltage. It is 
found that the current is very stable when the applied voltage is lower than 3.5V for 
SiGe/Si microtubes (figure 5.8a-b). However, when the bias is higher than 3.5V, the 
current decreases gradually with the time. Especially, if the bias is higher than 5V, the 
current becomes irregularly fluctuated. This phenomenon is attributed to the high current 
density in the microtube (> 3.7x105 A/cm2), which leads to the joule heating of the tube. 
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The elevated temperature causes the crystal lattice to vibrate stronger, which will lead to 
more electrical scattering of electrons. Eventually, the heating energy may even 
permanently damage the structure of the tube.  
 
Figure 5.7: To burn out the tube, the voltage applied to a tube with total length of 120 μm was 
increased from -3V to 15V.  (a) The sudden drop of current at about 11V indicates that the tube 
was burned out. (b) The leakage current is about 8105 −⋅ A with the supplied voltage of 1V.  
 
 
 
Figure 5.8: The current stability experiment of a SiGe/Si micro-tube on different voltages. The 
total length of the tube is 100 µm. (a-b): The curves show that the current is stable when the 
voltage is not higher than 3V. (c): When the voltage is higher than 4V, the current starts to 
decrease with the testing time.  (d): When the voltage is higher than 5V, the current starts to 
oscillate, implied that the structure of tube is going to be damaged. 
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5.4 Conclusions 
In conclusion, the heavily boron doped SiGe/Si microtubes are very conductive. The 
measured conductivity is about 686 S·cm-1 based on the transmission line model, which is 
lower than the theoretically calculated result (850 S·cm-1). Surface oxidation and thinning 
of the layer after wet etching have been attributed to the decrease of the resulted 
conductivity of the freestanding microtubes. The I-V curves show a linear feature in the 
voltage range of -1V-+1V. When the applied bias is lower than 3.5 V, the current is very 
stable in the SiGe/Si micro-tubes. Thus, these high conductive rolled-up structures could 
be utilized as capacitors by sandwich of dielectric layers into the rolled-up structure.  
 
Chapter 6  
Mechanical properties of individual SiGe/Si microtubes 
Obviously, mechanical properties of the fabricated micro/nanostructures are very 
important to determine their applications. However, the mechanical properties are not 
well known yet although the fabrication technique of rolled-up structures is well 
developed. In this chapter, the bending stiffness of individual SiGe/Si microtubes is 
probed quantitatively by atomic force microscopy (AFM). Then, nanorobotic 
manipulation technique has been applied to investigate the elasticity and the compression 
stability of individual SiGe/Si microtubes. The experimental results are compared with 
calculations based on an ideal seamless tube model. 
One-end-fixed SiGe/Si microtubes are exclusively employed here for testing of their 
mechanical properties. The fabrication of these one-end-fixed SiGe/Si microtubes is 
given in chapter 4 (see figure 4.1). The initial planar films consist of SiGe/Si bilayer with 
a thickness of 11/8 nm, respectively, and about 40% Ge in the SiGe layer. The SiGe/Si 
tubes have a diameter (d) of 1.25 μm and varied freestanding lengths (L). For AFM 
bending tests, SiGe/Si microtubes of 1.2 turns (corresponding to w=4.8 μm, see figure 
4.1a) were used. In nanorobotic manipulation experiments, microtubes with 1.6 turns 
(w=6.4 μm) were investigated.  
6.1 Bending stiffness studied by atomic force microscopy 
Recently, processing and manipulation of nanostructures such as carbon nanotubes and 
zinc oxide nanobelts with AFM have given remarkable results [15, 79-83], for instance 
Young’s modulus, shear modulus, bending stiffness of the nanostructures can be 
determined by performing bending or buckling test of the samples. Here, AFM is applied 
for the bending stiffness investigation of the rolled-up tubes. 
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6.1.1 Measurements and calculations of the bending stiffness  
To investigate the bending stiffness of these freestanding tubes, the AFM cantilever is 
operated in contact mode. In the first step, the AFM cantilever is bent on a flat reference 
surface of the solid part of the sample by pushing down the cantilever (see figure 6.1a-b). 
A slope of photodiode signal versus tip displacement curve on the stiff sample surface 
(Nstiff) can be obtained directly (see figure 6.2a). Then the cantilever is mounted on the 
top of the microtube’s free-end under an optical microscope as depicted in figure 6.1c. 
After that, the AFM cantilever is pushed down on the tube (see figure 6.1d). In this 
operation, the second slope of the photodiode signal vs. displacement curve related to 
tube’s stiffness can be obtained (Ntube, see figure 6.2b). Upon the above two operations, 
the bending stiffness (ktube) of the freestanding tube can be quantitatively deduced by [1, 
84]:  
1−
=
tube
stiff
AFM
tube
N
N
k
k     (6.1) 
where kAFM is the spring constant of the AFM cantilever (0.03 N/m in our experiments). 
The detailed explanation for Eq. (6.1) is given in appendix B.  
 
Figure 6.1: Schematic depiction of AFM manipulation of freestanding microtube for bending 
stiffness measurement. (a-b) AFM cantilever is deformed on a reference surface of the sample to 
obtain Nstiff. (c) AFM cantilever is mounted on the free end of the tube. (d) AFM cantilever is 
pushed down to deform the tube. Thus, Ntube can be obtained from the deformation of the AFM 
cantilever. 
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Figure 6.2: Experimental curves of Nstiff (left) and Ntube (right). The stiffness of the tube can be 
calculated by Eq. (6.1), if Nstiff, Ntube and kAFM  are known. 
 
 
Table 6.1: Experimental values of bending stiffness of the five tubes. Note that the spring constant 
of the AFM cantilever is 0.03 N/m. 
 tube a tube b tube c tube d tube e 
L (μm) 47.9  47.9  47.9  68.5  68.5  
ktube (N/m) 0.062 0.068 0.034 0.016 0.013 
 
Five SiGe/Si microtubes, divided into two groups according to their freestanding lengths 
(L), were selected for the bending stiffness tests: three of them are 47.9 μm long (type I) 
and the other two are 68.5 μm (type II). The experimental results of bending stiffness 
(ktube) for the five tubes are listed in table 6.1, in which two of the three tubes with the 
length of 47.9 μm show similar bending stiffness, whereas the third one (tube “c”) has 
only half value of the former. The reason for much less bending stiffness of tube “c” is 
unclear, we assume that the structure is somehow damaged during fabrication processing. 
For the two longer tubes (68.5 μm), the values of the bending stiffness are quite close to 
each other.  
The experimental values of these freestanding microtubes are compared with theoretical 
calculations by applying a model based on an ideal one-end–clamped beam [42] (figure 
6.3a). In this model, the beam is assumed having a uniform ring-shape cross section with 
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a diameter of d and a wall thickness of t (see figure 6.3b-c). When a concentrated load P 
applied at the free end of this beam, the unit-load method yields [42, 81]: 
 
Figure 6.3: (a) The one-end–clamped beam model used for calculation. Column with cross 
section of ring is assumed in the calculation. (b) For the calculation, the rolled-up SiGe/Si 
microtube was assumed as a combination of a SiGe tube and a Si tube. (c) The cross sectional 
area for calculation of the moment of inertia (I), I = πd3t/8 is resulted. 
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where H is the total deflection of the free end, HB reflects the deflecting due to bending, 
HS is the deflection due to shearing, L is the freestanding length of tube, E is the Young’s 
modulus (Si<010>=130.2GPa, Ge<010>=102.1GPa [85]), I is the moment of inertia of cross 
sectional area of the tube ( tdI 3
8
π= , with d>>t, see figure 6.3c), fs is the shape factor 
(equal to 2 for a tube system with thin wall thickness), G is the shear modulus 
(Si<010>=79.4 GPa, Ge<010>=67 GPa [85]) and A is the cross sectional area. Because E and 
G are in comparable magnitude, shear modulus becomes important only for a relatively 
short tube [81]. In fact, shear becomes an important contribution when GERL /4/ ≤  
[42]. Therefore, in our case, shear could be neglected because of the large value of L/R 
(>36). Then, Eq. (6.2) could be simplified to: 
EI
PLHH B 3
3
=≈     (6.3) 
Therefore, the bending stiffness of the tube is given by kbeam=P/H=3EI/L3.  Since a 
rolled-up SiGe/Si microtube is composed of SiGe and Si two layers, the bilayer tube can 
be considered as a composite beam system [42]: a Si tube is combined with a SiGe tube 
Chapter 6. Mechanical properties of individual SiGe/Si microtubes 82 
as shown in figure 6.3b. Thus, the bending stiffness of the whole composite tube system 
(kbeam) is expressed as: 
3
)(3
L
IEIE
k SiGeSiGeSiSibeam
+=     (6.4) 
The geometry parameters and the calculated results for ideal seamless SiGe/Si tubes with 
the same wall thickness and diameter of the tubes for AFM experiments are shown in 
table 6.2. For ideal tubes with lengths of 47.9 μm and 68.5 μm, the calculated values of 
the bending stiffness are 0.049 N/m and 0.017 N/m respectively. 
Table 6.2: The theoretically calculated bending stiffness and the related parameters of ideal 
seamless SiGe/Si tubes having the same wall thickness and diameter of the tubes for AFM 
experiments  
 Type I Type II 
Length (L) 47.9 µm 68.5 µm 
Diameter (d) 1.25 µm 1.25 µm 
Wall thickness of SiGe layer (h1) 11 nm 11 nm 
Wall thickness of Si layer (h2) 8 nm 8 nm 
ESi  130.2 GPa 130.2 GPa 
ESiGe (SiGe, 40% Ge) 119 GPa 119 GPa 
ESiISi 0.8*10-15 N*m4 0.8*10-15 N*m4 
ESiGeISiGe  1.00*10-15 N*m4 1.00*10-15 N*m4 
Bending stiffness (kbeam)  0.049 N/m 0.017 N/m 
 
6.1.2 Discussion and conclusions 
For a clear comparison, both experimental and theoretically calculated results of the 
bending stiffness for the five 1.2 turns rolled-up microtubes are listed in Table 6.3. It 
shows that the measured value from AFM experiments is rather diversely distributed and 
somewhat deviated from the calculations, and that the short tubes (L=47.9 μm) have 
higher measured values than the modeled ones whereas the long type tubes (L=68.5 μm) 
have lower values than the calculations. The diversity of the measured bending stiffness 
can be explained by the following factors. (1) The error arises from using the freestanding 
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length of a tube as the nominal length to calculate the stiffness of the tube. When the 
AFM tip was mounted on a tube under the top-view observing of an optical microscope, 
it is difficult to put the tip exactly at the free-end position of the tube because the viewing 
direction is blocked by the AFM cantilever. It means that the true value of the effective 
length measured from the AFM tip to the fixed end of the tube could be a few 
micrometers less than the apparent length (L) of the tube. According to Eq. (6.4), the 
calculated value of the stiffness (kbeam) is inversely proportional to the cubic power of the 
length (L3). Thus, even a small deviation of L will cause relatively large error of the 
measured stiffness, especially for relatively short tubes. As a result, the measured 
stiffness is usually larger than the calculation due to the true length is always smaller than 
the full length of the tube in calculation. Take the tube with a length of 47.9 μm as an 
example, if the AFM tip is mounted 3 μm away from the free-end of the tube, the 
measured stiffness will be 21% more than the calculated value. (2) The asymmetric wall 
shape of a rolled-up 1.2 turns microtube may also affect the accuracy of the measurement. 
The cross section of the tube is actually not a seamless ring but rather like a spiral as 
shown in figure 6.4. The overlapped 0.2 turn of the tube has a double bilayer thickness. 
Thus, the location of this doubled wall in the circumference of the tube sometimes 
becomes crucial as demonstrated in figure 6.4. For example, if the position of the thicker 
wall is completely down as shown in figure 6.4a, the tube would show a relatively high 
stiffness when the AFM tip applies a force on the top surface of the tube, even higher 
than the ideal one. However, if the seam (the doubled wall) is located in other places of 
the tube, e.g., 90 degree rotated from the former position as shown in figure 6.4b, the 
bending stiffness becomes apparently smaller because the average distance from the 
doubled layer to the neutral plane of the bent tube is smaller than the former case. 
FESEM inspection revealed that the seam may rotate along the tube axis of the one-end-
fixed tube as shown in figure 6.5, indicating that the location of the overlapped wall is 
also varied. The rotation of the seam is probably caused by two factors: on the one hand, 
along the CD side of the pattern (see figure 4.1a), the bilayer cannot scroll at the point D 
while the bilayer near the point C is free for scrolling; on the other hand, the orientation 
of AB and CD sides may have 1-2 degree of misalignment angle to the <100> direction, 
which leads to the rotation of the seam. This phenomenon is more pronounced for long 
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tubes, which could affect the accuracy of measured stiffness. (3) Other factors to 
influence the stiffness may also exist, such as the ellipse deformation of the tube and 
local structure defects, resulting in a lower stiffness of the tube as showed in the case for 
the long tubes. More precise results can be expected if finite element modeling is 
performed for the simulation.  
Table 6.3: Bending stiffness comparison of the experimental results to the calculations  
 tube a tube b tube c tube d tube e 
calculation 0.049 0.049 0.049 0.017 0.017 
AFM results 0.062 0.068 0.034 0.016 0.013 
deviation +27% +39% -31% -6% -24% 
 
 
Figure 6.4: When the AFM tip is pushed on the different position of the rolled-up tube (1.2 turn), 
the measured bending stiffness would be different. The top arrows represent the load P from 
AFM and the spirals below are models for the cross section shape of rolled-up tubes. 
 
 
 
Figure 6.5: The seam of the tubes sometimes rotates along the tube axis. (a) FESEM image of a 
freestanding SiGe/Si/Cr microtube with less than one turn.  (b) FESEM image of a freestanding 
SiGe/Si microtube. The inset shows the rotation of the seam.  
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The AFM manipulation of rolled-up 3-D micro-structures also shows some limitations. 
For example, to mount the AFM tip on tubes, it is operated by top-view observing under 
an optical microscope, so the position of the AFM tip on the tube cannot be controlled 
precisely. In addition, when the AFM cantilever is bending a tube, the deformation state 
of the tube cannot be simultaneously monitored. Thus, to manipulate the rolled-up 
microtubes in a better controllable way, nanorobotic manipulation technique is adopted. 
6.2 Mechanical properties studied by nanorobotic manipulation 
A nanorobotic manipulator (MM3ATM from Kleindiek) holding a probe was installed 
inside a Zeiss DSM962 scanning electron microscope (SEM). The manipulator has 3-D 
freedom as shown in figure 6.6, with resolutions of 5 nm, 3.5 nm, and 0.25 nm in X, Y, 
and Z directions at the tip, respectively [86].  
 
Figure 6.6: (a) Operation system of the nanorobotic manipulator (MM3ATM from Kleindiek). (b) 
A manipulator installed in an SEM.  (c) The geometric arrangement of the two manipulators 
installed in the SEM. 
 
The standard tool of the manipulator is a commercially available tungsten sharp probe 
(Picoprobe T-1-10-1mm) shown in figure 6.7a. To facilitate different processes, special 
tools have been fabricated, including a nanohook (figure 6.7b) prepared by controlled 
“tip-crashing” of a sharp probe onto a substrate. A “sticky” probe is also prepared by 
dipping the tip of the probe into double-sided silver conductive tape (Ted Pella, Inc.) as 
presented in figure 6.7c-d. This sticky probe is used to cut individual freestanding 
SiGe/Si microtubes from the substrate.  
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Figure 6.7: SEM images of the manipulator probe. (a) A conventional manipulator tungsten 
probe (b) A hook can be made by crashing the tip to the sample surface. (c) The probe is 
inserted into glue. (d) The probe with the glue on its tip.  
 
6.2.1 Elasticity test 
To investigate the flexibility of an individual SiGe/Si microtube, the manipulator probe 
(nanohook) has been used to bend the tube with different deflection angles between 0º 
and 180º as presented in figure 6.8. Surprisingly, the tube still can recover itself to the 
original shape after the probe was removed (figure 6.8b and figure 6.8d). No significant 
change of its shape due to the bending was observed in the SEM, indicating that these 
freestanding microtubes are extremely flexible even under a large deflection. The 
excellent elasticity of these microtubes also implies that the as-grown SiGe/Si hetero-
structure has a good quality, i.e. nearly free from dislocations. However, with a very large 
deflection angle (figure 6.8c), the tube could be strongly deformed locally (kinked) and 
dislocations may accumulate to the kinked position. Eventually, the tube will be fractured 
due to the severe deformation at the kinked position after repeating this bending test. 
With large deflection angles, i.e. larger than 120°, the tube usually has fatigue failure 
within less than 10 circles of the bending test.  
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Figure 6.8: Bending tests of freestanding SiGe/Si microtubes. (a) A SiGe/Si microtube is bent 
about 30° by a manipulator probe; the probe is indicated by a white arrow.  (b) The SiGe/Si 
microtube recovered to its original shape after the manipulator probe removed. (c) A SiGe/Si 
microtube is bent with a very large deflecting angle (90°) by manipulator probe. (d) The tube is 
recovered to its original shape, after the probe is removed. 
 
6.2.2 Buckling test  
Buckling test, as a non-destructive technique, has been shown effective in mechanical 
characterization of single carbon nanotubes using nanorobotic manipulation [87]. To test 
the flexural rigidity and the mechanical stability of individual SiGe/Si microtubes, the 
sticky probe was attached to a microtube near the place where the tube is fixed to the 
substrate, and then the probe is moved sidewise to cut the tube off from the substrate (see 
figure 6.9a). Next, the micromanipulator is used to bring the microtube into contact with 
the backside of an AFM cantilever and to maneuver it to a position so that its axis is 
perpendicular to the AFM cantilever, which is required for the subsequent buckling test. 
The main manipulation steps have been in situ recorded by SEM images as shown in 
figure 6.9b-d. The tube for buckling test is placed in such a way that its one end is 
attached to the ball-like joint at the sticky probe and the other end contacted to the 
backside of the AFM cantilever. However, this end of the tube is usually not well hold 
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due to the flat backside of the AFM cantilever. To fix it better to the cantilever, a second 
type of AFM cantilever with a pyramid hole at the backside has been used. The latter 
configuration is favorable, because it becomes possible to adjust the angle between the 
tube and the manipulator probe, and an angle of 90 degree between the tube and the 
cantilever can be realized. Moreover, the microtube will not readily slide on the backside 
of the AFM cantilever during the buckling test. The buckling test is performed by 
pushing the “sticky” probe along the tube axis. Thus, the microtube is subjected to a 
uniaxial compressive stress and deflects the AFM cantilever, which has a known spring 
constant. The deflection of the AFM cantilever measures the compressive force applied to 
the longitudinal axis of the tube, from which the load and the stress on the microtube can 
be obtained. 
 
Figure 6.9: Nanorobotic manipulation of a freestanding SiGe/Si microtube. (a) Cutting and 
picking up a tube. (b) Placing, and (c-d) rotating the tube. All four SEM images have the same 
scale bar. 
 
Figure 6.10 demonstrates a series of SEM images of the buckling test. The measured 
curve in figure 6.11 shows the dependence of the deformation of the microtube on the 
applied force for a SiGe/Si tube with a length of 61.6 µm. The deformation of the tube, 
i.e.  ΔL in figure 6.12, is measured as the shortened length of the tube between its glued 
end on the manipulator probe and its free end on the AFM cantilever, which decreases 
during the buckling test. The distance is directly measured from the SEM in the 
experiment. Three evolution regimes can be identified in the buckling test. Initially, the 
Chapter 6. Mechanical properties of individual SiGe/Si microtubes 89 
load increases linearly with very small displacement; the microtube is in a stable 
equilibrium state and keeps itself straight (see figure 6.12a). In the second regime the 
curve becomes flat. The sudden drop of the slope indicates that the tube begins to be 
buckled (see figure 6.12b). Finally, in the third regime, the slope becomes steep again 
while the wall of the tube is severely bent. A typical Euler buckled [88] microtube is 
shown in figure 6.10f, where the bending of the tube is clearly visible. A further increase 
of the load leads to severely local deformation of the tube and finally to mechanical 
fracture of the microtube.  
 
Figure 6.10: A series SEM images of buckling test of a SiGe/Si microtube. The scale bar for all 
images is 25 μm. 
 
The kink point of the curve between the first and the second stage represents the neutral 
equilibrium of the microtube. The corresponding load is defined as the critical load (Pcr). 
As shown in figure 6.11, the value of the critical load close to 2.2 μN is determined for a 
61.6 μm long 1.6-turn SiGe/Si microtube. The critical stress (δcr) can be expressed by: 
   APcrcr /=δ                                (6.5) 
where A is the cross sectional area of the tube. The critical stress in this tube is worked 
out as 18.4 MPa. It should be noted that bilayers scrolled into incomplete tubes, e.g. ¾ of 
a turn, showed a critical stress approximately one order of magnitude smaller than that of 
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the films scrolled by 1.6 turns. For a microtube with a length of 50.6 μm and the same 
diameter and wall thickness as the former, the tube keeps straight up to a compressive 
load of 2.5 μN, corresponding to a stress of 20.9 MPa. The displacement-load curve is 
presented in figure 6.11 with gray lines. In this experiment a cantilever with a flat back 
surface was used, hence this tube slipped away from the back side of AFM cantilever 
before it apparently buckled. 
 
Figure 6.11: The experimental curve of force versus displacement resulted from buckling test for 
61.6 µm and 50.6 μm long SiGe/Si microtubes. The stable and instable regions of the 61.6 μm 
long tube are marked in the diagram. 
 
According to the Euler’s formula [88], the critical load can be expressed as: 
 
2
2
eff
cr
L
EIP π=  (6.6) 
in which EI is the flexural rigidity, and Leff is the effective length of the tube (Leff = 2L, 
for hinged-fixed condition and Leff = L for hinged-free condition [42]). Using this formula 
the calculated critical load for an ideal seamless Si microtube with 61.6 μm length under 
hinged-fixed condition is about 1.23 μN. Here, the Young’s modulus of Si from bulk 
material [85] and the Si tube with a diameter of 1.25 μm and a wall width of 19 nm have 
been assumed. The 1.6-turn rolled-up tube is approximated as a combination of an ideal 
tube and a 0.6 turn tube, so the cross sectional area is the sum of a thin circular ring and a 
thin circular arc. For this 1.6-turned ideal tube the critical load is calculated to be 2.0 μN, 
Chapter 6. Mechanical properties of individual SiGe/Si microtubes 91 
rather close to the experimental value (2.2 μN). This result indicates that the mechanical 
stability of a scrolled microtube, with 1.6 turns, is very similar to a seamless tube. Based 
on above results, it is presumable that the seamless model for calculation of the critical 
load and the flexural rigidity (EI) of the scrolled microtube would work even better for a 
tightly scrolled multi-turn tube with more turns, the larger numbers of the tightly wound 
turns of the tube’s wall the higher accuracy of the modeling. 
 
Figure 6.12: Model of the Euler buckling of a tube. When P<Pcr, the tube is mechanically stable 
(left), while P>Pcr, the tube will be buckled and bend sidewise. Pcr is the critical load (right). 
 
The deviation of the real flexural rigidity of a scrolled microtube and the calculated value 
from the ideal tube model might result from the difference of the moment of inertia of 
cross sectional area I. For an ideal seamless tube, I can be calculated as tdI 3
8
π=   when 
t<<d  [42], where d and t are the diameter and the wall thickness of the tube. However, 
the 1.6 turn rolled-up microtube actually has a seam along the tube axis.  
In the rolled up bilayer the two edges of the rolled sheet do not bond together to form a 
seamless tube. However, when these edges overlap sufficiently the tubes become very 
stable. Surprisingly, the microtubes do not open along the seam when the axial 
compressive force is larger than the critical load. Additionally, the microtubes exhibit an 
excellent ability to recover from the post-buckling stage to their initial straight shape, as 
shown in figure 6.13. Moreover, in cycling of the experiment the critical load remained 
unchanged after the microtube recovered from the buckled state. This implies that the 
microtube is elastically deformed and no permanent damages occur in the SiGe/Si 
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crystalline structure, even after it has been exposed to the instable state. An interesting 
observation is that in the third regime, the microtube becomes stiffer again (see figure 
6.11). This may be attributed to the increase of the moment of inertia of the cross 
sectional area of the microtube. When the microtube is heavily buckled, the cross 
sectional shape is no longer ring-like. Also, in this stage the neighboring walls of the tube 
may interact with each other, leading to a reinforcement of the stiffness of the tube. When 
the microtube is strongly buckled, the internal (compression) side walls of the tube may 
open locally, which leads to highly localized stress. If the applied load is sufficient high, 
the tube will be destroyed in a brittle failure mode, which implies that the SiGe/Si 
microtubes may have much lower resistance to be fractured under tension [42].   
 
Figure 6.13: (a) Post-buckling state of a 61.6 µm long SiGe/Si tube. (b) The tube recovered from 
the axial compressive load.  
 
6.2.3 Conclusions 
Euler buckling has been experimentally observed in SiGe/Si microtubes when they are 
subjected to axial compressive load by nanorobotic manipulation. The flexural rigidity of 
the scrolled SiGe/Si microtube, which has 1.6 turns, is close to the ideal seamless tube. 
The self-scrolled SiGe/Si microtubes show no ductility and excellent elastic recovery 
from the post-buckling state. Our results also show that nanorobotic manipulation is a 
useful technique for the mechanical property characterization of rolled up micro-
/nanostructures. 
 
Chapter 7  
Mechanical properties of Si-based helical structures 
The as-fabricated 3-D micro-/nanohelices have many potential applications in 
semiconductors, electromagnetics and micro-/nanomechanics based on their specific 
shape and structure. As demonstrated in chapter 6 that nanomanipulation technique is a 
suitable method to investigate the properties of the 3D rolled-up structures. This newly 
developed analytical technique is also applied to examine the mechanical properties of 
rolled-up helical microcoils and other helical micro-/nanostructures such as spirals and 
multi-turn rings in this chapter. 
7.1 Spring constant of SiGe/Si/Cr helical structures 
7.1.1 Stretching test of a microcoil  
A nanomanipulator and an AFM cantilever built in an SEM were used for the stretching 
test of individual helical nanobelts. The stiffness of the AFM cantilever used for this test 
was 0.06 N/m. The manipulation processes were conducted as follows: a tungsten probe 
on the manipulator was first dipped into a silver tape to make its tip sticky as already 
shown in figure 6.7. This probe was used to cut an one-end-fixed freestanding microcoil 
off from the substrate, and then the freestanding microcoil with its one end stuck on the 
probe’s tip was picked up for the succeeding operations. In order to attach the other end 
of the microcoil to the AFM cantilever, the AFM tip was carefully dipped into the glue 
attached on the probe. After the microcoil was fixed between the probe and the AFM 
cantilever as shown in figure 7.1a, a tensile force was applied to the microcoil by moving 
the probe away from the AFM cantilever (see figure 7.1). Five continuous frames of SEM 
images were taken to detect the deflection of the cantilever and the elongation of the 
microcoil, i.e. the relative displacement of the probe to the AFM cantilever. Since the 
resolution of the SEM images (figure 7.1) is about 60 nm, the relative error of the coil 
deformation and the AFM cantilever deflection are estimated not more than 3% and 8% 
respectively.  
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Figure 7.1: SEM images of the nanomanipulation for the spring constant measurement of a 
SiGe/Si/Cr microcoil in which the SiGe/Si bilayer thickness is 12/8 nm and the Cr layer is 21 nm 
thick. The diameter and the pitch of the coil are 3.4 μm and 7 μm respectively. The manipulator 
probe moves to the left. 
 
From the displacement and the known stiffness of the AFM cantilever, the tensile force 
acting on the microcoil and the related microcoil elongation can be determined. 
Practically, the deformation of the microcoil was measured in such a way: the first 
measurement of the coil under a little tensile force is set as the initial stage (zero 
deformation) for the subsequent measurements. This is necessary because the proper 
attachment of the AFM cantilever to the microcoil must be checked in the first 
measurement. Accordingly, the plotted curve of the microcoil elongation versus the 
applied load in figure 7.2 has been shifted to start from the origin of the coordinate, i.e. 
zero load and zero elongation.   
The resulted curve of elongation versus load (figure 7.2) shows that it is linear when the 
elongation of the microcoil is less than 4.5 µm (corresponding to a load of about 
0.106µN), while it becomes nonlinear after the elongation is larger than 4.5 µm. When 
the applied force reached 0.176 µN, the attachment between the coil and the AFM 
cantilever disconnected. An exponential approximation was fitted to the nonlinear region 
of the curve. From the slope of the linear part of the curve in figure 7.2, the stiffness of 
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the SiGe/Si/Cr coil is estimated to be 0.0233 N/m, which is approximately three times 
lower than that of the AFM cantilever. Finite element simulation (ANSYS 9.0) was used 
to validate the experimental data [89]. Since the contact point between the microcoil and 
the manipulator probe cannot be precisely identified by the SEM images, the number of 
the turns of the microcoil is estimated to be in the range of 4-5. Thus, simulations were 
conducted for 4, 4.5, and 5 turns respectively. The coil in the simulations was fixed on 
one end and had an axial load of 0.106 µN applied on the other end. From the simulation, 
stiffness values of 0.0302 N/m, 0.0230 N/m and 0.0191 N/m are resulted for the springs 
with 4, 4.5, and 5 turns, respectively. The measured spring constant (0.0233 N/m) is very 
close to the simulated value of the 4.5 turns microcoil (0.0230 N/m).  The relative error 
arising from the measurement of the effective turn number of the microcoil falls into a 
range of about ± 22% between the minimum (0.0191 N/m) of 5-turn and the maximum 
(0.0302 N/m) of 4-turn according to the simulation. 
 
Figure 7.2: Measured spring constant of a SiGe/Si/Cr microcoil. 
 
7.1.2 Stretching test of anomalously coiled nanohelices 
The stretching test was also performed for SiGe/Si/Cr nanohelices in a field-emission 
scanning electron microscope (FESEM, Zeiss SUPRA 55VP). A typical anomalously 
coiled Si0.6Ge0.4/Si/Cr nanohelix with layer thickness of 11/8/21 nm is used in the 
experiment.  
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Figure 7.3: (A) Pick up an as-fabricated nanocoil (inset) to a tungsten probe. 
(B) Place it onto the tip of an AFM cantilever and solder it using EBID (inset). 
 
 
Figure 7.4: Pulling the nanocoil for stiffness characterization (All images have the same 
scale bar). 
  
 
Figure 7.5: Elongation-load curves for a SiGe/Si/Cr nanohelix. 
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As shown in figure 7.3A, the as-fabricated nanohelix was first picked up by the 
manipulator with a sticky tip. The free end of the spring was then clamped onto an AFM 
cantilever (Fig. 7.3B, Mikromasch, CSC38/Ti-Pt, nominal stiffness 0.03 N/m) using 
electron-beam-induced deposition (EBID) [90]. To simplify the deposition process, the 
residual contamination (mainly hydrocarbons) in FESEM chamber was applied instead of 
precursor gas. The interaction of the primary e-beam (in focus mode) with the 
hydrocarbons results in a deposition of a hydrocarbon film on the contact place between 
the nanohelix and the cantilever [91]. The nanohelix was loaded under tension and 
unloaded successively for several cycles. Figure 7.4 shows a series of SEM images of the 
process. Applying a special software (SmartSEMTM user interface) to the images from 
these experiments, the deformation of both the nanohelix and the AFM cantilever has 
been measured. The applied load was also calculated according to the deflections of the 
AFM cantilever (calibrated stiffness: 0.038 N/m). Figure 7.5 depicts the elongation vs. 
load curves for several series. Interestingly, the spring constant of the nanohelix remains 
constant as the spring is extended to 91% of its original length, which is six times of that 
of carbon coils (15%) [92] and more than twice that of rolled-up InGaAs/GaAs 
microcoils (40%) [93]. In the low strain region, linear fitting indicates a spring contestant 
of 0.003 N/m. This value is surprisingly small compared to the bottom-up synthesized 
nanocoils, which is only 1/40th of the spring constant of carbon coils (0.12 N/m) [92] and 
over three orders of magnitude less than that of superlattice ZnO nanohelices (4.2 N/m) 
[15]. Moreover, this value is also an order of magnitude smaller than that of the most 
flexible commercially available AFM cantilevers (on the order of 10-2 N/m). Thus, it is 
expected that using this nanospring as a visual based force sensor, a resolution as high as 
3 pN/nm can be provided if an FESEM with an imaging resolution of approximately 1 
nm is adopted for the displacement measurement. 
7.2 Mechanical properties of Si/Cr micro-/nanostructures 
7.2.1 Unrolling test for elasticity investigation 
The as-fabricated Si/Cr in-plane spirals are manipulated for characterization of the 
elasticity by an unrolling test. Figure 7.6 shows a manipulator probe mounted on the 
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manipulator approaching a spiral and being inserted into the hollow of the spiral (inset, 
figure 7.6). To investigate the flexibility of the spiral, the probe is used to extend it as 
shown in figure 7.7, where the spiral is completely extended along its longitudinal axis 
and subsequently recovers to its original shape after being released from the extension 
(see Fig. 7.7d). No significant change in its curvature was observed after the extension 
experiment, which indicates that these freestanding spirals have an excellent elasticity 
and good “memory” for their original shape. 
 
Figure 7.6: Manipulation of a Si/Cr spiral. The inset shows insertion of 
the probe into the spiral. 
 
 
 
Figure 7.7: The manipulator probe translates to the left (white arrow) to 
unroll the Si/Cr spiral. (d) The spiral returns to its original shape. The 
scale bar is 25 μm in all four images. 
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The same unrolling test is also adopted for testing of multi-turn Si/Cr rings rolled up by 
35/10nm thick Si/Cr nanobelt (Fig. 7.8). The multi-turn (2.5-turn) Si/Cr nanoring with a 
stripe width of 500 nm was strongly deformed during the unrolling process and the 
maximum relative elongation of the Si/Cr ring along the unrolling direction is about 50% 
as shown in figure 7.8d. After the multi-turn ring was unrolled until only less than one turn 
remained, the curvature elastically recovered to its original one as we can see in figure 
7.8e. The unrolling test proves that the adjacent bilayers of a Si/Cr multiple-turn (more 
than 2 turns) ring are tightly wound and bonded together, thus can be considered as a 
physically closed ring-structure, instead of a spiral with zero-gap without interaction 
between the neighbouring bilayers. We attribute this “sticky force” mainly to van der 
Waals force. It is also expected that the magnitude of the “sticky force” depends on the 
tightly overlapped area of each turn of the ring-structure, and that larger overlapping areas 
of the bi-layers would generate larger bonding force. For instance, a Si/Cr multi-turn ring 
with a width of 1.1 μm (measured in the FESEM before the manipulation), as indicated by 
a white arrow in figure 7.8a, was fractured at its fixed end before it could be unrolled, and 
then stayed together with the manipulator probe. Thus, it is predictable that multiple-turn 
Si/Cr, SiGe/Si or SiGe/Si/Cr micro-/nanotubes become mechanically stronger by the 
bonding force between the neighbouring films when the number of the scrolled turns is 
increased.  
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Figure 7.8: The manipulator probe 
translates from left to right to unroll a 
multi-turn Si/Cr ring. The width of the stripe 
is 500 nm. The white arrow points to 
another multi-turn Si/Cr ring with a stripe 
width of 1.1 μm. 
 
 
7.2.2 Radial stiffness of a 2.5 turn Si/Cr ring structure 
To investigate the radial stiffness of the multi-turn Si/Cr ring structure, an individual Si/Cr 
microring with stripe width of 1.2 μm is investigated. Firstly, the ring was cut and picked 
up from the Si substrate as shown in figure 7.9a. Then it was mounted on the backside of 
an AFM cantilever (see figure 7.9b-c) to subject a compressive or tensile load through 
pushing or pulling the ring by the manipulator probe. Figure 7.10a shows that the Si/Cr 
ring undergoes compression force. The compression stiffness of the 2.5 turn Si/Cr ring is 
obtained by measuring the slope of the compressive load and the corresponding 
deformation. Figure 7.10b presents the load-deformation curves of the compression test. 
The results demonstrate a linear relation between the compressive load and the 
deformation when the relative deformation of this 2.5 turns Si/Cr ring is smaller than 33%. 
Thus, the compression radial stiffness of the ring can be read directly from the slope of the 
load-deformation curves. In the first circle of the test, the two slopes are very close to each 
other, i.e. 0.133 N/m and 0.138 N/m. The compression tests also show that the top half of 
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the ring has much less deformation than the bottom half, which is obviously due to the 
extra half turn of the ring structure on the top side. In addition, the distance from the 
outermost turn to the neutral plane (the undeformed plane) is larger than that from the 
inner turns, resulting in the higher flexural rigidity, because the rigidity increases 
quadratically with the distance to the neutral plane. The calculation shows that the flexural 
rigidity of the second turn of the ring is 14 times larger than that of the first turn. 
Therefore, the base half of the ring is more compliant (at least one magnitude less) and 
undergoes the most deformation which leads to the strong anisotropy of the radial stiffness 
of the ring. Stretching test of the Si/Cr ring has also been performed directly after the 
compression test as demonstrated in figure 7.11a. The linear fit line in the figure 7.11b 
indicates that with small deformation the radial stiffness under a tensile load is 0.332 N/m, 
which is much higher than that under a compression load. This can be understood that the 
deformation of the ring is confined more locally compared with the compression condition 
when it is subjected to a tensile force. The upper half of the ring has to follow the 
deformation as its bottom half does (see figure 7.12). During the compression and the 
stretching tests, no sliding between the neighbouring bilayers has been observed. 
 
 
Figure 7.9: (a) A Si/Cr ring is cut from substrate by a sticky probe. (b-c) A Si/Cr ring is moved to 
the backside of an AFM cantilever by a manipulator probe. All three images have the same scale 
bar of 10 μm. 
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Figure 7.10: Radial stiffness test of an individual Si/Cr ring (35/10 nm). The ring has stripe width 
of 1.2 μm and diameter of 12.5 μm. (a) A series of FESEM images with increasing compression 
force on the Si/Cr ring and then recovering to zero compression. (b) Compression of load versus 
deformation from the first circle.  
 
 
Figure 7.11: (a) A series of FESEM images with increasing tensile load on a Si/Cr ring. (b) 
Tensile load versus deformation. The scale bar is 10 μm for all of the FESEM images. 
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Figure 7.12: Assuming the stiffness of the upper half of the ring is much higher than the bottom 
half, when a load P is applied, only the bottom half of the ring will be deformed. However, due 
to the geometrical shape, the limitation of the deformation for the compression (x1) and the 
stretching (x2) is different, i.e. dx 5.01 <  and ddx 1.012
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7.3 Conclusions 
Our manipulation tests show that SiGe/Si/Cr helical structures are very elastic and they 
behave like micro-/nanosprings. The measured spring constant of the microcoil is 
consistent to the prediction given by the FEM simulation. According to tensile tests, the 
spring constant of the anomalously coiled SiGe/Si/Cr nanohelices keeps constant with 
much larger relative elongation region than microcoils. These excellent mechanical 
properties make them very promising to function as elastic elements in ultra-sensitive, 
large-range force/mass sensors and elastic elements of NEMS. The as-fabricated Si/Cr 
micro-/nanostructures, i.e. spirals and rings, exhibit excellent elastic recovery ability. The 
adjacent bilayers of the multiple-turn (more than 2 turns) Si/Cr ring are bonded together 
strongly, and the bonding between the adjacent bilayers does not break under 
compression loads in the experiments. The manipulation tests of the 2.5-turn ring also 
show that the radial stiffness is strongly influenced by the extra half turn of the ring 
structure. 
 
 
 
 
Chapter 8  
Summary and prospects 
8.1 Summary 
In this thesis, self-scrolling technique has been applied to fabricate a variety of 3D micro-
/nanostructures, such as SiGe/Si, SiGe/Si/Cr and Si/Cr tubes and helices, which have 
novel properties for potential applications in MEMS/NEMS. Two fundamental issues are 
focused: one is related to controllable fabrication of the 3D rolled-up structures with 
mesa-structures going from micro- to nano-scale, and the other is to characterize 
properties of the micro-/nano-objects effectively. It is found that the rule of scrolling is 
significantly changed when the dimension of patterned thin films reduces to nanometer 
scale, which is particularly important for the design and fabrication of new realistic nano-
devices. The mechanical and electrical properties of the as-fabricated 3D structures are 
examined by AFM, nanomanipulation and two-point probe methods respectively. 
The scrolling behaviour of the patterned SiGe/Si bilayers and SiGe/Si/Cr hybrid films 
with the width of mesa-structures from micro- to nanometer range has been 
systematically investigated, which determines the nature of the finally formed 3D 
structures. Our fabrication results revealed that if the width of bilayers is in a micrometer 
scale or larger the scrolling direction is either determined by the smallest Young’s 
modulus direction in the case of Si (001) substrate, or governed by the underetching 
speed for the substrates of Si (110) and (111). Two typical microstructures, i.e. micro-
/nanotubes and helices have been successfully synthesized on Si(001) surface. Especially, 
the controllable fabrication of the helices has been achieved, which means that the 
chirality, the helicity angle and the pitch of helices can be quantitatively controlled by the 
starting 2D mesa design. 
A remarkable result has been found when the mesa line is shrunk into nanometer scale, 
new effects from the edges of the stripe will cause the anomalous coiling of the 
nanohelices and influence the shape of the rolled-up nanostructure tremendously. The 
experimental results show that when the stripe width is reduced to 300 nm, for a total 20 
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nm thick SiGe/Si bilayer, the effect of stress relaxation at the edges of the stripe, rather 
than the Young’s modulus, will dominate the scrolling process. The stress relaxation 
leads to a uniaxial strain component along the mesa line, which has been also confirmed 
by our finite element simulation (FEM). Based on this anomalous coiling principle, 
SiGe/Si nanocoils with helical angles between 0° to 45° have been able to be achieved, 
which breaks the limitation of 45° confined by the preferred <100> scrolling direction for 
the helices in micrometer scale. Depositing a metal layer on the bilayers can also be used 
to tailor the shape of the nanostructure. Moreover, “edge effects” have also been found in 
the rolled-up Si/Cr stripes, where the curvature radius first increases and then decreases 
with the reduction of the stripe width in the range from 3 μm to 100 nm. According to 
these effects, novel upstanding Si/Cr micro-/nanospirals have been realized by a special 
design. Our new findings of the anomalous coiling principle have offered an additional 
possibility to design and fabricate 3D nanostructures for their use in more practical 
purposes.  
The conductivity of the micro-/nanotubes is of decisive significance for their application 
in micro-/nanoelectronics and MEMS/NEMS devices. Metal contacts were fabricated at 
the two ends of the structures by photolithography. The measured results from the two-
probe method show that the highly boron doped (> 1020 cm-3) SiGe/Si microtubes are 
very conductive with linear I-V curves. The conductivity matches the expectation with 
respect to the doping level and the thickness of the bilayer films. It is noticed, however, 
that the high doping level in the rolled-up structures to improve the etching selectivity 
leads to the losing of the semiconductivity, and has limited their application mainly to 
mechanical/electromechanical devices. Therefore, other etching selectivity methods to 
decrease the doping level of the SiGe/Si bilayers should be further considered.  
Finally, mechanical properties of the rolled-up micro-/nanostructures were examined 
using atomic force microscopy and nanorobotic manipulation technique. The excellent 
elastic recovery characteristic of the SiGe/Si microtubes was discovered from bending 
and buckling tests. More significantly, the microtube with 1.6-turn is rather robust and 
mechanically stable, which is comparable to the ideal seamless tube. Not only the tubes, 
various helical micro-/nanostructures have also been probed using nanomanipulation 
technique. Stretching tests show that SiGe/Si/Cr microhelices (micro-structures) are very 
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elastic and they behaved like micro-springs. The measured spring constant of the 
structure is consistent to the prediction from the FEM simulation. By tuning design 
parameters, i.e. the number of turns, the thickness of the wall, the width and orientation 
of the stripe, the diameter and the pitch of a helical spring with a required stiffness can be 
obtained through the simulation. A specific property of the SiGe/Si/Cr nanohelices (nano-
structures) is found that on the contrary to microcoils under tension, the spring constant 
of the SiGe/Si/Cr nanohelices keeps constant within much larger relative elongation 
region. This excellent mechanical property makes them very promising to function as 
elastic elements in ultra-sensitive, large-range force/mass sensors and elastic elements of 
NEMS. The unrolling tests of the Si/Cr rings and the spirals have revealed that these 
upright helical micro-/nanostructures are very elastic and have a strong ‘‘memory’’ for 
their original shapes. Moreover, the unrolling tests of the multiwall Si/Cr rings testified 
that the adjacent Si/Cr bilayers bond together strongly and form a closed structure. The 
buckling and unrolling tests show that a multiple-turn rolled-up micro-/nanotube can be 
considered as a strong closed structure and can be used as pipeline for micro-
/nanofluidics or micro-/nanoneedles for injection and so on. On the other hand, the 
nanorobotic manipulation technique is proven to be a suitable approach for mechanical 
properties characterization of the micro-/nanostructures.  
Our above study shows that the self-scrolling technology is very promising for 
controllable fabrication of 3D micro-/nanostructures, which are good candidates for 
applications in MEMS/NEMS devices. Contrary to micro-structures, the nano-structures 
exhibit different scrolling behaviours that offer more opportunities for the design and 
fabrication of new fascinating devices. 
8.2 Prospects 
The study on controllable fabrication and effective property characterization of these 
rolled-up 3D micro-/nanostructures has shown a prospective future not only in the field of 
application for advanced micro-/nanodevices, but also in the new scope of research for 
the developing nanotechnologies. Some possible work is suggested below for the future 
prospective research and applications based on the current results.  
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According to our buckling and unrolling tests, it is promising to use the micro-/nanotube 
as needle for micro-injection or pipeline for micro-/nanofluidics. Our unrolling test of the 
multi-turn ring has shown rather strong bonding strength between the tightly wound 
bilayers; however, systematic study is yet to be done to work out the bonding strength of 
ring structures with varied stripe width and turns. For further works, it is possible to 
measure the unzipping force of the multiwall ring structure quantitatively by a nano-
manipulation system combining with an AFM cantilever, although practically it is not an 
easy task. Also, bilayers with different hetero-structure, such as semiconductors or hybrid 
semiconductor/metal systems, can be used in the unrolling tests to investigate the 
different bonding strength due to the specific surface property in the contacting interface. 
Then the experimental results of the bonding force can be compared with finite element 
simulation to find the nature of bonding between different coiled films. In addition, it will 
be interesting to see whether the interface energy of the adjacent bilayers can be modified 
by post annealing process which is usually involved in wafer bonding technique to 
increase the bonding strength [94].  
The bending test shows that the SiGe/Si microtubes have excellent flexibility, but their 
fatigue properties are still not well known. It is also an interesting subject to apply the 
rolled-up micro-/nanotube structures in vibrating devices such as oscillators in 
MEMS/NEMS because theoretically tube structure is a good candidate for high frequency 
devices.  
Since semiconductor layer and metal layer have different coefficient of thermal 
expansion, semiconductor-metal hybrid 3D structure has high chances to be used as 
bimorph actuators which can be driven by thermal stress. However, new effects may 
occur to influence the internal stress at the semiconductor/metal interface of the bilayers. 
Also, electrostatic force can be applied to stimulate the semiconductor metal hybrid 
helical structure. The benefit from these rolled-up structures, which have only nanometer 
scale thickness, is that very large reversible deformation can be obtained.  
More significantly, the mechanical properties investigation of the anomalous coiled 
SiGe/Si/Cr nanohelices shows remarkable high flexibility and exceptionally wide linear 
range which are far superior to either bottom-up synthesized nanocoils or rolled-up 
microcoils. Besides these features, the high degree of precision with which their diameter, 
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chirality, helicity angle, and pitch can be controlled, indicating the high suitability for 
batch fabrication and the possibility for application of them as elastic elements in ultra-
sensitive, large-range force/mass sensors and elastic elements of NEMS. With smaller 
stripe widths, more turns, by using higher resolution microscopy or other readout 
techniques, nanosprings can potentially provide femto-Newton (fN) to atto-Newton (aN) 
resolution. However, for their realistic applications in this field, closer cooperation 
between scientists and engineers will be essential. Thus, both the opportunity and 
challenge are involved for the future research and application of the novel rolled-up 
structures. 
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Appendix: deducing the equation 6.1 
1) When the AFM cantilever was pressed on a very stiff surface, the surface will not 
undergo any deformation, so the Z scanner displacement is equal to the cantilever 
deflection: 
Z scanner displacement on Stiff Surface = constant * (Photodiode Signal Change on Stiff 
Surface): 
dZstiff = a * dVstiff          (b1) 
2) When the AFM cantilever was pressed on a freestanding tube, both the tube and the 
cantilever will experience deformation, therefore the z scanner displacement is the sum of 
the cantilever deflection and the tube deflection. 
dZtube = a * dVstiff  +  dtube           (b2) 
where dtube is the tube deflection. 
3) And also, force from the cantilever to the tube is equal to the force from the tube to the 
cantilever 
kAFM * a * dVtube = ktube * dtube            (b3) 
where kAFM is the cantilever spring constant and ktube is the bending stiffness of tube. 
So,  
tube
tubeAFM
tube d
dVak
k
∗∗
=           (b4) 
4) Substituting Eq. (b2) to Eq. (b4), 
    
tubetube
tubeAFM
tube dVadZ
dVak
k
∗−
∗∗
=   (b5) 
5) And if we choose the ranges so that dZstiff = dZtube, we have 
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tubestiff
tubeAFM
tube dVadVa
dVak
k
∗−∗
∗∗
=   (b6) 
Now we can get rid of constant a, which is the sensitivity of the AFM system setup: 
    
tubestiff
tubeAFM
tube dVdV
dVk
k
−
∗
=     (b7) 
since dZstiff = dZtube, 
    
tube
tube
stiff
stiff
tube
tube
AFMtube
dZ
dV
dZ
dV
dZ
dV
kk
−
∗=     (b8) 
dVstiff/dZstiff is the slope of the photodiode signal vs. displacement curve on stiff surface 
(Nstiff), and dVtube/dZtube is the slope of the photodiode signal vs. displacement curve on 
sample (Ntube) which simplified Eq. (b8) to 
     
tubestiff
tubeAFM
tube NN
Nk
k
−
∗
=       (b9) 
⇒          
1−
=
tube
stiff
AFM
tube
N
N
k
k          (b10) 
This is the equation that we used to calculate the bending stiffness of the SiGe/Si tubes 
from AFM experimental data. 
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